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Chapter 1. Background 
Asthma is the most common chronic childhood disease and is characterized by recurrent 
airway obstruction, bronchial hyper-responsiveness, and airway inflammation.1 Asthma is the 
leading cause of childhood hospitalization and school absenteeism in the United States.2 The 
associations between adverse respiratory effects and exposure to indoor nitrogen dioxide 
(NO2) and other byproducts of combustion such as particulate matter (PM) in particular 
ultrafine particulates (UFP), Ozone (O3) and Sulfur Dioxide (SO2), have been the focus of 
many epidemiological studies in recent years. Indoor exposure to NO2 and other pollutants 
from combustion may increase the risk of acute and chronic respiratory disease, reduce lung 




The levels of exposure to NO2 indoors are of public health concern because children spend 
nearly 70% of their time indoors at home.8 According to the 2010 US Census report,9 
approximately 39% of US households use natural gas for cooking, and the primary source of 
residential NO2 is a gas-fuel cooking appliance.10 Indoor levels of NO2 where NO2 sources are 





Epidemiological studies in developed countries suggest that gas stoves used for cooking 
and/or heat are associated with an increased risk of asthma and respiratory symptoms in 
children.10,11, 12, 13, 14, 15, 16, 17   While there are numerous epidemiological studies supporting an 
association between increased NO2 levels and gas stoves and asthma symptom severity 
in children, there are other studies that have examined the relationship in homes that did 
not observe significant associations.18, 19, 20 
 
A better understanding of how NO2 and other indoor environmental (e.g., environmental 
tobacco smoke (ETS), allergens) exposures contribute to asthma morbidity in inner city 
preschool children will allow interventions to more effectively designed and implemented.  To 
date, there are conflicting results on the role of exposure to indoor NO2 and its association with 
new-onset asthma in young inner-city children. The recent studies assessing the effects of 
indoor NO2 on asthma morbidity were limited to inner-city children, largely older, who were 
diagnosed with asthma. A gap in knowledge remains regarding the role indoor NO2 plays on 
the development of asthma in children not previously diagnosed. The scientific and public 
health rationale for conducting this dissertation was to describe the association of exposure to 
indoor NO2 and primary sources with the initiation and exacerbation of asthma symptoms 
among pre-school children with and without diagnosed asthma. The data analyzed in the 
current research come from a larger study of Endotoxin, Obesity, and Asthma (EOA) in the 
New York City Head Start Program, funded in the summer of 2002. The primary research 
objective of that study was to identify modifiable risk factors associated with asthma and 
asthma persistence among preschool children from low-income families living in select New 
York City neighborhoods with high pediatric asthma hospitalization rates. 
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We conducted a cross-sectional analysis of data collected from the study questionnaire and 
home visit sampling at study enrollment. The analyses were performed in two phases: the first 
phases used data collected at study enrollment and the second phase used data collected 12-
months after study baseline. Henceforth, the dissertation will refer to the first analyses as the 
baseline study and the second as the follow-up study. The research evaluated the association of 
NO2 exposure with asthma status  among New York City Head Start children with and without 
asthma at study enrollment and with respiratory symptoms among children with asthma at 12-
month follow-up. 
 
Chapter 2. Baseline Study 
We conducted a cross-sectional analysis of data collected from the study questionnaire and 
home visit sampling at study enrollment. Specifically, the research sought to evaluate the 
association of NO2 exposure with asthma status among New York City Head Start children 
with and without asthma at study enrollment and with respiratory symptoms among children 
with asthma at enrollment. A total of 503 children were included in the baseline study. A total 
of 105 children (20.9%) met the criteria for both asthma and allergy, and 67 (13.3%) met the 
criteria for asthma alone. Girls made up 51.7% and boys, 48.3% of the 503 study participants.  
Descriptive analyses suggested that asthma/allergy status was associated with: male gender, 
non-Mexican ethnicity/national origin, presence of a smoker in the child’s home, number of 
smokers in the child’s home, self-reported parental history of asthma, mother’s education level 
and sensitization to one or more of the four allergens.  Logistic regression models were used to 
investigate the magnitude and direction (as well as trend) of the association between childhood 
asthma and indoor NO2 sources in the child’s home.  The final model did not reveal a 
statistically significant association between children’s asthma status and increasing indoor NO2 
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levels or asthma status and an indoor NO2 source (i.e., gas stove). Although the Odds Ratios 
and corresponding 95% confidence intervals were not significant between NO2 quartile and 
asthma, and the overall p- value for trend was not significant, there was an increasing positive 
trend among the Odds Ratio for the NO2 quartiles and asthma. Logistic regression analyses 
supported an association between male gender, national original/ethnicity, allergy and parents’ 
history of asthma. Children with asthma were almost twice as likely to live with a smoker, 
OR=1.92; 95% CI, 1.17-3.13 as children who did not. Logistic regression analyses revealed 
that children, whose mother reported a history of asthma, were almost two and a half times 
more likely to have asthma as children whose mother did not report a history of asthma. 
Similarly, children who were allergic at baseline were 3.5 times more likely to have asthma 
than children and boys were almost twice as likely to be asthmatic as girls, while controlling for 
other potential risk factors. Lastly, compared to children of Mexican ethnicity, non-Hispanic 
black and Dominican children were significantly more likely to have asthma. 
 
 
Chapter 3. Follow-up Study 
Our follow-up study involved the analysis of the 12-month follow-up data from the study of 
Endotoxin, Obesity, and Asthma in the New York City Head Start Program funded in the 
summer of 2002. We focused on assessing the magnitude and direction of the associations 
of exposure to indoor NO2 levels (based on baseline NO2 measurements) with children’s 
asthma status and with symptom severity among asthmatics at 1-year follow-up. For the 




Descriptive analyses were performed looking at key characteristics by “change in asthma 
status.” Children’s asthma status at baseline and at follow-up, were based on responses to the 
questionnaire. We analyzed indoor NO2 level measurements at baseline in relation to asthma 
outcomes on follow-up.  We did not have enough data on NO2 levels at follow-up to analyze 
them in relation to asthma status on follow-up. Unless the family had relocated since baseline 
and/or reported changes since baseline in the use of gas appliances or the number of smokers 
in the home, we assumed that baseline NO2 levels in the participating children’s homes were 
reasonable proxies for current exposures. We looked at the number of children who moved 
since baseline and whether the move (for example, looking at gas stove status, age of new 
building) may have impacted indoor NO2 levels. Of the 503 children who were included in the 
baseline analyses, 47.3% had data on asthma status on follow-up. A total of 238 children (111 
male, 127 female) were grouped into the four mutually exclusive outcome categories: 122 
(51.3%) did not have asthma at baseline or on follow-up, 34 (14.3%) had asthma on follow-up 
but not at baseline, 65 (27.3%) had asthma at baseline but not on follow-up, and 17 (7.1%) had 
asthma at baseline and on follow-up. The mean age at 1-year follow-up was 59.5 months 
(6.95), and neither age nor gender was associated with asthma. The distribution of 
ethnicity/national origin among the 238 children remained the same as at baseline; no one 
ethnicity group experienced disproportionate loss to follow-up, and asthma status remained 
associated with non-Mexican ethnicity/national origin, although 44.1% with new-onset asthma 
were of Mexican background. 
 
Asthma was also associated with self-reported parental history of asthma and allergy in 
children, but nearly 80% of children with new-onset asthma had no such parental history of 
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asthma. More parents of children with new-onset (35.3%) or persistent asthma (23.5%) than of 
other children reported making efforts to reduce risk factors or triggers for asthma 
exacerbations in the past 12 months. 
 
 
Logistic regression models used for the follow-up analyses did not reveal a statistically 
significant relationship between asthma status on follow-up and baseline indoor NO2 levels or 
indoor NO2 source (i.e., gas stove). Logistic regression analyses supported strong associations 
between asthma status and child’s allergy status, exposure to residential environmental tobacco 
smoke and mother experiencing asthma symptoms over the last 12 months. Risk factors 
statistically associated with asthma status in the baseline analyses, namely male gender and 
non-Mexican ethnicity/national origin, were not associated with asthma status on follow-up. 
The child’s baseline asthma status was not associated with asthma on follow-up. 
 
 
Chapter 4. Dissertation Conclusion 
The primary objective of the dissertation research was the examination of the relationship 
between asthma and asthma severity and exposure to gas cooking and residential NO2. In both 
our baseline and 12-month follow-up studies, exposure to indoor NO2 was represented by the 
baseline measurement of NO2 and the NO2 surrogate, gas stove. Asthma status of children was 
based on parental responses on the questionnaire regarding asthma symptoms and urgent care 
visits due to respiratory distress over the course of each 12-month period prior to the 
conducting study questionnaires. For both studies, we did not find an association between 
exposure to NO2 levels at baseline and asthma status or severity. Our findings contradict the 
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results of most recent studies of both NO2 levels and residential sources of NO2 and their 
effects on asthma symptoms in very young children. However, it remains difficult to compare 
our results we those of previous published studies because those studies primarily focused on 
children who were diagnosed with asthma, whereas our research included preschool aged 
children with and without asthma. Based on our findings and the fact they conflict with other 
epidemiological studies, of which there were also conflicting results, we feel that the 
relationship between asthma symptoms and NO2 exposures remains ambiguous. The lack of 
consistent results of epidemiological research raises questions that should be the focus of future 
epidemiological studies.  What are the roles of co- pollutants and co-risk factors? Does NO2 
work alone or in concert with other indoor pollutants? There exists a real lack of understanding 
on the possible synergistic effects of exposure to NO2 and other combustion byproducts. 
Important to furthering our knowledge of the role of exposure to indoor NO2 and asthma is 
determining whether NO2 acts as a surrogate for co-pollutants that are considered risk factors 
for asthma and other respiratory conditions. Another focus of future indoor pollution studies 
should be the development of effective methods and technologies for measuring the 
constituents of the complex mixture of pollutants in indoor air; these methods and technologies 
can then be applied in personal monitoring of exposure to indoor pollutants in epidemiological 
studies that would help to determine with much more accuracy the effects of individual indoor 
pollutants on asthma and other respiratory symptoms. This knowledge would help in the 
development of more effective public health and environment policies towards reducing the 
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Chapter 1 Introduction: Association of the Exposure to Residential Levels of 
 














Burden of Disease: Asthma is a respiratory condition that is characterized by reversible 
airflow obstruction, airway hyper-responsiveness, and airway inflammation resulting in 
symptoms of wheezing, shortness of breath, cough, and tightness of the chest.1 The past few 
decades have seen a steady rise in the prevalence of asthma. Approximately 300 million 
people are affected by asthma worldwide. A disproportionate number are children living in 
industrialized and urbanized countries. In the United States, the rise in asthma prevalence is 




The severity of the burden of childhood asthma is reflected in mortality rate and healthcare 
utilization rates.2,3, 4 Approximately 3 percent of hospitalizations (198,000) among children in 
the United States for the year 2004 were attributed to asthma symptoms. For that same year, 





The United States: An estimated 39.5 million people (12.9%), including 10.5 million 
(14.0%) children in the United States had been diagnosed with asthma in their lifetimes. Of 
the 39.5 million, 18.9 million (8.2%) adults and 7.1 million (9.5%) children under 18 years 
old still suffer from asthma.5   A 2011 study6 provided an estimated the incremental direct 
medical costs and productivity losses due to morbidity and mortality from asthma for persons 
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of all ages from a societal perspective for the years 2002-2007. Economic burden associated 
with asthma was determined by adjusting to 2009 dollars using the latest available Medical 
Care Consumer Price Index and the Consumer Price Index. The researchers found that the 
estimated total cost of asthma to society, including medical expenses ($50.1 billion per year), 
loss of productivity resulting from missed school or work days ($3.8 billion per year), and 
premature death ($2.1 billion per year), was $56 billion (2009 dollars) in 2007.6 In 2008, 
children aged 5-17 years who had one or more asthma attacks in the previous 12 months were 
reported to have missed 10.5 million days of school attributed to asthma; nearly 60% had at 





Data from the federally created and implemented, Behavioral Risk Factor Surveillance System 
(BRFSS) and the Asthma Call-back Survey (ACBS) were analyzed by Winer (2012)8 to 
estimate the incidence of asthma in the United States.  Incidence cases of asthma were defined 
as people diagnosed with asthma by a healthcare provided within 12 months prior to survey 
participation. Estimated annual asthma incidence among at risk children was 12.5/1,000. 
Incidence among children aged 0-4 was 23.4/1,000, more than five times greater than that 









Asthma is also a global public health concern. Europe and other industrialized countries have 
experienced a steady increase in prevalence. Although childhood asthma prevalence varies 
from country to country, the gap appears to be decreasing9 particularly among adolescents 
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because prevalence is decreasing in English-speaking countries and Western Europe and 
increasing in regions where prevalence was previously low. Epidemiologic research conducted 
by the International Study of Asthma and Allergies in Childhood (ISAAC) program has 
provided valuable data on trends of childhood asthma in European and Asian populations. The 
ISAAC study of 1997 showed that the highest prevalence of childhood asthma in Europe was 
in the British Isles, with prevalence of “asthma ever” (lifetime prevalence of asthma) ranging 
from 1.6% in Albania to 20.7% in the UK for 13-14 year-old children, and from 1.4% in 
Estonia to 22.9% in the UK among 6-7 year olds. Data from 2007 ISAAC Phase III cross-
sectional studies9 reported mean symptom prevalence of current wheeze in the prior 12 months 
changed slightly from 13.2% to 13.7% in the 13-14 year age group (mean increase of 0.06% a 
year) and from 11.1% to 11.6% in the 6-7 year age group (mean increase of 0.13%).  The 
East-to-West difference has diminished in recent years; the relative increase in lifetime 
prevalence in Eastern Europe is comparable with that in the West, perhaps due to changes in 
lifestyle in Eastern Europe.  In Asia, ISAAC9, 10 studies have found higher asthma prevalence 
in more affluent than less affluent regions; for example asthma prevalence is lower in in 




II. Demographic and Socioeconomic Status Associated with Asthma 
 
The CDC’s National Surveillance of Asthma: United States, 2001–201011 showed that 
disparities in asthma prevalence by race and gender remained high.   For 2012, the CDC 
reported for children < 18 years old, that (a) boys (15.9%) were more likely than girls (12%) to 
have ever been diagnosed with asthma or to suffer currently from asthma (10.0% and 8.6%, 
respectively); (b) non-Hispanic black children were more likely to have ever been diagnosed 
with asthma or to suffer currently from asthma (21.7% and 16%, respectively) than Hispanic 
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children (13.3% and 8.8%, respectively) or non-Hispanic white children (12.5% and 7.9%, 
respectively); and (c) among Hispanic children, lifetime and current asthma prevalence was 
lowest for those of Mexican origin (11.6% and 7.6%, respectively) compared to children of 
Puerto Rican origin (23.2% and 15.6%, respectively).  Also, younger children, 0-4 years old, are 
less likely to have been diagnosed with asthma or to suffer currently from asthma (7.0% and 
5.4%, respectively) than older children 5-14 (15.6% and 10.6%, respectively) and 15–19 years 
old (18.4% and 11.2%, respectively). Asthma was the third leading reported cause of 
hospitalization in children under the age of 18 in the United States, surpassed only by 
pneumonia and injuries (Health, United States, 2005. National Center for Health Statistics). The 
CDC reported11 a clear difference by race in the annual hospitalization rates of asthma between 
2001 and 2009. The hospitalization rate per 100 persons with asthma among black persons 




Visiting the Emergency Department (ED) is a key indicator of poorly controlled asthma and 
of risk for future asthma exacerbation12. Over the period, 2001-2009, population-based rates 
of asthma ED visits, ED visit rate per 10,000, fluctuated but did not follow a consistent 
trend.  In 2009, there were 69.7 ED visits per 10,000 population. For the period 2007-2009, 
children aged 0-17 years had a higher ED visit rate compared with adults > 18 years (10.7 
compared with 7.0 per 100 persons with asthma). Additionally, non-Hispanic black persons 
(all ages) had an ED visit rate 3-fold higher as white person (18.3 compared with 6.1 per 100 
persons with asthma), and Hispanic persons had a higher ED visit rate than non-Hispanic 
persons (10.8 compared with 7.7 per 100 persons with asthma). 
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Despite epidemiologic research on various aspects of childhood asthma, the pathways linking 
race and ethnicity on asthma prevalence remains unclear due to the complex relationships 
among various risk factors. Concentrated neighborhood poverty, racial segregation, poor 
housing conditions, barriers to access to medical care, and other characteristics common to 
inner city areas are associated with asthma.13 Recent epidemiologic studies 2,4,11,14, 15, 16 have 
focused on the complex relationships of race/ethnicity, socioeconomic status and childhood 
asthma. Several of these studies suggested that among children with asthma, indicators of 
severity are also more common among minority children than among non-Hispanic white 
children, for reasons that are not understood.15,17 In evaluating these associations, factors that 
should be taken into account include the role of poor housing conditions that expose children to 
indoor environmental risk factors (e.g., allergens, tobacco smoke, mold, combustion by-
products) , genetic factors that may be associated with race, ethnicity, or national subgroup and 





Studies focusing on SES as a partial mediator of the relationship between childhood asthma 
and race/ethnicity have been plentiful over the past decade, but they have yielded conflicting 
results. Earlier studies showed that adjusting for income and other socioeconomic factors, such 
as inner- city residence and single parent household, weakened the association of asthma with 
race that had been observed in unadjusted analyses.18, 19 More recent studies have found that 
even after adjusting for confounders, within all income strata, black children were more likely 
to have asthma than white children.4, 20, 21, 22 However, Smith15 found that only among children 
from families with incomes less than 50% the federal poverty level did non-Hispanic black 
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children have a higher risk of asthma than non-Hispanic white children (OR=1.99, 95% CI 
1.09-3.64).  No black vs. white differences existed at other income levels. Subsequent analyses 
of these very poor children, which took into account additional potential explanatory factors, 
did not weaken the association. These results suggest that patterns of social and environmental 







III. The Environment and Adverse Respiratory Health Outcomes 
 
The association between childhood asthma and air pollutants, especially combustion by- 
products, has been a major focus of epidemiological and environmental research in recent years. 
Much of this research attention has specifically addressed pollutants found in high levels in 
urban areas due to vehicular traffic, such as: inhalable particulate matter (PM), nitrogen 
dioxide(NO2), ozone (O3) and sulfur dioxide (SO2) in industrial areas.  The respiratory effects of 
outdoor and indoor air pollutants are contingent on factors such as the size or form of the 
pollutant, its concentration in the surrounding environment, the presence of other environmental 
exposures,the duration of exposures, and individual susceptibility (e.g., medical conditions).  
Some researchers suggest that certain environmental pollutants promote airway sensitization 
and asthma by modifying the effective allergen concentration because some airborne 
particulates transport allergens.23, 24 Other researchers point to air pollutants damaging the 
airway mucosa, impairing mucociliary clearance, facilitating access of inhaled allergens to 
immunological cells, and thus triggering an immune response.
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A growing body of research has highlighted the role of certain indoor environmental exposures 
in contributing to the burden of asthma and other respiratory conditions in inner-city 
populations. The major categories of indoor exposures include allergens and other biologics, 
such as endotoxins, as well as toxic chemicals and pollutants that are byproducts of indoor 
combustion. Indoor allergens include antigens produced by dust mites, cats, dogs, mice, rats, 
cockroaches and molds. Important indoor air pollutants include nitrogen dioxide (NO2), 
particulate matter (PM), secondhand tobacco smoke, carbon monoxide (CO) and ozone (O3).26 
With the exception of environmental tobacco smoke, the relative contributions of specific 
residential exposures and the overall contributions of housing factors to triggering and 
exacerbating asthma in children remain unclear. Understanding whether and how these 
exposures affect asthma outcomes may help us to develop effective public health strategies for 





IV. Indoor Sources of NO2 
 
Indoor combustion produces gases (e.g., NO2, CO) and particulate matter (PM) that exacerbate 
asthma symptoms and may be risk factors for new onset asthma.  Residential sources of 
combustion byproducts include gas stoves and ovens used for cooking and/or heating, and 
heating devices (e.g., fireplaces, woodstoves, kerosene heaters, vented or non-vented gas 
heaters). Home heating devices may be used as a primary or secondary heating source. In North 
America, most homes have central heating by oil, forced air or gas furnace; woodstoves, 
fireplaces, gas space heaters, kerosene heaters, may be used as secondary sources. Although 
more recent data from the 2010 U.S. Census show the number of households heating with wood 
grew by 34% between 2000 and 2010, faster than any other heating source, with electricity the 
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second fastest growth, with a 24% increase over the last decade. In other parts of the world, 
like China and parts of Europe, wood-burning stoves may be the primary heating device. 
Heating sources vary in the types and amounts of combustion byproducts that they generate. 
 
 
In the United States, gas stoves are commonly used for cooking. Exposure to the combustion 
emissions of gas stoves may depend on the age of the stove and the ventilation and insulation 
of the home.27   Older stoves with continuously burning pilot lights produce more NO2 and PM 
emissions than newer gas stoves with electronic pilot light ignition. Gas-fueled clothes dryers 





Recent observational studies have focused on the potential relationships between emissions 
from indoor combustion and the onset and/or exacerbation of asthma and respiratory 
symptoms, such as wheeze and difficulty breathing.   Studies have looked at sources of 
exposure (gas stoves and gas space heaters) and types of exposure (NO2, PM) due to 
combustion. Gas stoves for cooking are a primary source of indoor NO2.  However, stoves are 
rarely used longer than an hour or so per meal, and their use is limited to the kitchen, whereas 
gas space heaters are used throughout the day and throughout the home.  While published 
literature have shown that gas space heaters are commonly used and are considered a 
significant source of residential combustion pollutants, they are not as common as gas stoves. 
Since gas stoves tend to be used for shorter periods of  time and are limited to the kitchen, 
emissions have strong spatial gradients within the residence. Gas space heaters emit as much 
NO2 as gas stoves.  If gas space heaters are used for longer periods of time than stoves, their 
emissions may be more uniformly distributed throughout the home. In addition, if they are not 
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properly vented, the resulting NO2 concentrations can be significantly higher than those emitted 




Posonby et al.28 linked a 1995 survey of 7-year olds in Australia to data collected in 1988 as 
part of the Tasmanian Infant Health Survey, designed to investigate sudden infant death. 
Children who were exposed to gas heaters in infancy had a higher risk for asthma and for 
recent wheeze by 7 years of age than other children, after adjustment for parental smoking and 
gas cooking. The researchers also found that children exposed to gas heaters at age 7 had a 
higher risk for asthma and recent wheeze than unexposed children. 
 
In the United States, Lanphear et al.29 investigated the association of various residential 
exposures with physician-diagnosed asthma among 8,257 children < 6 years old, who 
participated in the Third National Health and Nutrition Examination Survey (NHANES III) 
conducted between 1988 and 1994. They found that children living in homes where a gas 
stove or oven was used for heat were significantly more likely to have physician diagnosed 
asthma, (odds ratio (OR) = 1.8; 95% CI, 1.02-3.2) than children without that exposure. 
 
A 2005 European nested case-control study by Mommers et al.30 looked at the relationship 
between indoor exposure to gas stoves and gas geysers (a type of unvented hot water heater) 
and respiratory symptoms in 7-8 year old children participating in a large longitudinal study of 
respiratory health. The study found that cooking with a vented gas stove was not associated 
with asthma, but that exposure to an unvented indoor gas geyser was associated with asthma 
symptoms, and that past exposure, including in-utero exposure, to household irritants, such as 
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tobacco smoke, long-term exposure to mold and pets, increased the risk and severity of 
asthma symptoms. 
 
To date, considerable evidence from epidemiological studies in developed countries has 
suggested that children living in homes where gas stoves are used for cooking and/or heat have 
a higher risk of asthma and respiratory symptoms than other children.29,31, 32, 33, 34, 35, 36, 37,38 
However, some studies39, 40 did not find such associations.  Indoor air concentrations of NO2 
can be higher than ambient levels if there are unvented gas appliances, such as stoves.41 
Ventilation has been shown to reduce the concentration of other indoor air pollutants such as 
formaldehyde and volatile organic compounds.42   Several studies have examined the role of 
household ventilation systems, such as stove vent hoods, on indoor air pollutants and their 
impact on children’s respiratory health. Such studies suggest that ventilations have beneficial 
effects on children’s respiratory health outcomes.43, 44, 45 
 
Data from The Third National Health and Nutrition Examination Survey (NHANES III)45 was 
used to identify children aged 2-16 years with information on respiratory outcomes (asthma, 
wheeze and bronchitis) who lived in homes where gas stoves were used in the previous 12 
months and whose parents provided information on ventilation. For children aged 2-16 years, 
respiratory outcomes included parent-reported: physician-diagnosed asthma, chest wheeze in 
the past 12 months, and physician diagnosed chronic bronchitis. Additionally, for the children 
between 8-16 years of age, lung function tests were performed. Nearly 7,400 children resided 
in a home that had a gas stove in the kitchen and had information on asthma status, wheeze, or 
chronic bronchitis. A subset of 2,400 children underwent spirometry. In multivariate logistic 
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regression models, the adjusted odds of asthma (OR=0.64; 95% CI, 0.43-0.97), wheeze 
(OR=0.60; 95% CI, 0.42-0.86), and bronchitis (OR=0.60; 95% CI, 0.37-0.95) were lower 
among children whose parents reported using ventilation while cooking than among other 
children. When parental habits regarding using a gas stove for heating were added to the 
models, wheeze (OR=0.62; 95% CI, 0.44-0.89) and chronic bronchitis (OR=0.61; 95% CI, 
0.38-0.98) remained significantly associated with vented stoves.  In terms of lung function 
tests results, FEV1 and the FEV1/FVC ratio were higher in girls who lived in households that 
used gas stoves with ventilation than in other girls. Overall, children living in homes with 
ventilated gas stoves had higher lung function and lower odds of asthma, wheeze and 
bronchitis than other children. 
 
V. The Adverse Health Effects of NO2 
 
The effect of chronic exposure to indoor levels of NO2 on the respiratory health of children 
continues to be a public health concern.  The American Housing Survey (AHS) for the United 
States, sponsored by the Department of Housing and Urban Development (HUD) and conducted 
by the U.S. Census Bureau, is conducted every two years and provides comprehensive data on a 
wide range of housing subjects, one of which is residential housing fuel type.  The current 
AHS46 reported that 67.5% of housing units use gas fuel, 53.7% have gas as the primary heating 
fuel and 38.9% use gas for cooking. Furthermore, nearly 70% of children’s time is spent indoors 
at home.47   Population-based studies demonstrated that the use of gas appliances, such as gas 
stoves, and exposure to indoor and outdoor NO2, increased the risk of lower respiratory tract 
symptoms in children with and without asthma. Moreover, some studies suggest that indoor 
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NO2 levels are higher than ambient NO2 levels and exceed U.S. Environmental Protection 
Agency’s (EPA) regulatory air quality standards (53 ppb, 100µg/m3).48 
 
In a 1999 Australian study,36 NO2 levels were measured and parents were interviewed in 80 
homes of 148 children (including 53 asthmatics) between the ages 7 and 14 years old. NO2 
exposure was marginally associated with children’s respiratory symptoms as well as asthma, 
and exposure to gas stoves was found to be an independent risk factor for both respiratory 
symptoms and asthma diagnosis. These results suggest that: a) additional pollutant(s) from gas 
stoves may cause adverse respiratory effects, b) metrics other than average exposure are 
important, and c) other, unmeasured confounding factors may contribute to the association. 
 
As part of the Yale Childhood Asthma Study,31 NO2 and gas appliances were investigated as 
risk factors for worsening asthma among children less than 12 years old (n=728) diagnosed 
with active asthma. NO2 exposure was found to be associated with respiratory symptoms, such 
as wheeze and chest tightness, whether the exposure was estimated via presence of a gas stove 
(analyzed as a proxy for indoor exposure to NO2) or by direct measure of NO2 level in the 
home. In logistic regression models stratified by housing type (multifamily vs. single family 
building, as a proxy for socioeconomic status), gas stove presence and elevated NO2 were 
independently associated with adverse respiratory symptoms. Among children in multifamily 
dwellings, exposure to gas stoves increase the likelihood of wheeze (OR=2.27; 95% CI, 1.15-
4.47), shortness of breath (OR=2.38; 95% CI, 1.12-5.06) and chest tightness (OR=4.34; 95% 
CI, 1.76-10.69).  Children living in multi-family housing exposed to > 20ppb of NO2 in the 
home experienced more days of wheeze (OR=1.33; 95% CI, 1.05-1.68) and more days of chest 
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tightness (OR=1.51; 95% CI, 1.18-1.91) than children exposed to lower levels of NO2. NO2 
concentrations in single family homes (mean [SD] = 10.2 [12.3] ppb) were much lower than in 
multi-family homes (22.9 [17.9] ppb). 
 
Hansel et al.49 conducted a prospective cohort study of the effect of indoor NO2 concentrations 
on asthma morbidity in children living in Baltimore, while adjusting for other indoor 
environmental exposures, such as second hand smoke, PM2.5, number of open windows, 
frequency and duration of sweeping, and gas stove/oven.  Of 150 asthmatic children between 2 
and 6 years old, 83% lived in homes with gas stoves, and 72% of the homes were heated by 
natural gas fuel. On average children spent 13 hour per day in their home and 7 hours per day 
in the bedroom where NO2 monitoring took place. The study found that NO2 concentrations 
were higher in homes with gas stoves than those without one (mean, 33.1 ppb vs. mean, 16.8 
ppb). Similarly, the mean indoor NO2 concentrations were 7.2 ppb higher in homes with than 
without a gas space heater. The presence of a gas space heater had a greater effect on indoor 
NO2 concentrations during the winter months (β = 17.8; SE 9.7) than warmer months. The 
mean indoor NO2 concentrations in these homes was 17.8 ppb higher during the colder months 
when space heaters were used for heat compared to warmer months when gas heaters were not 
typically used.  In a model that included other explanatory factors, the greatest contributors to 
increasing indoor NO2 concentrations were gas stoves and gas heaters. In addition, each 20 ppb 
increase in NO2 was associated with increased risk for nocturnal respiratory symptoms, 
difficulty breathing/speaking, and cough. Higher indoor NO2 levels were associated with 
worsening asthma symptoms after adjusting for other indoor air pollutants.   No association was 
found between NO2 and healthcare utilization for asthma and use of asthma rescue medication. 
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Atopic asthmatic children were more likely than non-atopic asthmatic children to experience 
nocturnal asthma symptoms with increasing NO2 concentrations. 
 
In a 2004 randomized controlled trial,50 18 schools using unflued gas heating in the winter 
were randomly assigned either to retain their heater (10 control schools) or to receive a 
replacement flued gas or electric heater (8 intervention schools). The main hypotheses tested 
were that compared to children in the control schools, children in the intervention would have 
fewer/less severe asthma symptoms in the winter months and better lung function and less 
bronchial responsiveness at the end of winter. Study participants were 118 students (mean age, 
8.4 years intervention group and 8.7 years control group) with a history of doctor- diagnosed 
asthma and who lived in a home without an unflued gas appliance. NO2 levels were measured 
in both the school and the child’s home with passive badge monitors. In addition, skin prick 
testing for sensitivity to various allergens was performed). 
 
The intervention and control group were similar with respect to baseline data, including 
demographics, lung function, medical history, bronchial responsiveness and NO2 
concentrations prior to the intervention.  Mean NO2 levels in the intervention classrooms were 
significantly lower than in the control classrooms (p=0.001). At the end of study, children in 
the control and intervention groups did not differ with respect to lung function or bronchial 
responsiveness. However, the intervention group suffered less from almost all asthma-related 
symptoms than the control group. Lung function and bronchial responsiveness may require 
more than one season of reduced NO2 levels to show a benefit.  However, the reduction in 




A 2007 cohort study conducted by Kattan et al.51 looked at the effects of NO2 and 
environmental tobacco smoke (ETS) on children with asthma ages 4 to 9 years who 
participated in the National Cooperative Inner-City Asthma Study (NCICAS). The NCICAS 
(n=1,528) cohort is a representative sample of asthmatic children with low socioeconomic 
status and high asthma morbidity. The study took advantage of the comprehensive data 
collection in the NCICAS, which included a large sample size with objective measures of NO2 
(Palmes Tubes; n=469) and ETS (urinary cotinine; n=1,444), and characterization of atopic 
status via skin prick tests for various allergens, to examine potential confounders, effect 
modifiers and to determine the independent contributions of NO2 and ETS to respiratory 
symptoms among asthmatic children. 
 
The study found high levels of NO2 and ETS in the homes of inner-city minority children with 
asthma. Higher levels of NO2 were associated with increased asthma symptoms in non-atopic 
children (RR=1.75; 95% CI, 1.10-2.78) and with decreased peak flows during the colder 
weather months (RR=1.46; 95% CI, 1.07-1.97). Higher ETS exposure in colder months was 
weakly associated with lower peak flows (RR=1.21; 95% CI, 0.99-1.47). The high levels of 
NO2 in the sample were consistent with those observed in other studies for homes with gas 
stoves 36, 52, 53, 54; most homes of the NCICAS cohort had a gas stove (87.8%). Other studies 
have also observed higher levels of NO2 during the colder months, 36,48,49, 55 attributable to gas 
heating and reduced ventilation/air flow because of closed windows. Data on the effect of 
smoking on NO2 levels were not consistent: some studies found higher NO2 levels in homes of 
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smokers;49 others found higher levels in the homes of non-smokers56; and still others finding no 
association of NO2 levels with smoking.24   Kattan et al.51 observed effects during the colder 
seasons when indoor NO2 levels were highest. The seasonal difference in NO2 levels was 
relatively small (3.6 ppb; p=0.0002), and the researchers noted that the difference could not 
entirely explain why children in homes with higher NO2 levels had significantly reduced peak 
flows during colder months. They suggested that NO2 may have lowered the threshold for 
virus-induced asthma exacerbations. 
 
Belanger et al (2013)57 investigated the effects of indoor NO2 exposure on asthma severity in 
an ethnically and economically diverse sample of 870 children who participated in their “Study 
of Traffic, Air quality and Respiratory health (STAR). Children aged 5-10 years with active 
asthma (n=1,342) who lived in urban and suburban Massachusetts and Connecticut, recruited 
between 2006 and 2009 were followed for a year with seasonal measurements of NO2, asthma 
morbidity and severity, and medication data. Exposure to NO2 was measuredly passively for 
four, month- long periods via Palmes tubes. Asthma morbidity was concurrently measured by a 
severity score and frequency of wheeze, night symptoms and use of rescue medications. The 
direction and magnitude of the associations between household NO2 exposure and health 
outcomes were examined using ordered logistic regression models. 
 
The results of this study of school-aged children demonstrated associations of increasing 
indoor NO2 concentration in the home with asthma severity assessed by a 5-level score, as 
well as with asthma morbidity measured by days of wheeze, night symptoms and rescue 
medication use. Every 5 ppb increase in NO2 exposure above a threshold of 6 ppb was 
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associated with a dose- dependent rise in the asthma severity score (OR=1.37; 95% CI, 1.01-
1.89), wheeze (OR=1.49; 95% CI, 1.09-2.03), night symptoms (OR=1.52; 95% CI, 1.16-2.00) 
and rescue medication use (OR=1.78; 95% CI, 1.33-2.38). Analyses were based on repeated 
measures of both NO2 and asthma outcomes controlling for atopic status and common allergen 
exposures. Belanger and colleagues concluded that asthmatic children exposed to NO2 
indoors, at levels well below the U.S. EPA outdoor standard (53 ppb) are at risk for increased 
asthma morbidity. The associations were consistent with findings in the literature suggesting 
an association between NO2 exposure at both relatively low and high levels, and increased 
asthma severity and morbidity.3,5,6,8,15,31  Increased risk was associated with NO2 exposure at 
concentrations common in both urban and suburban homes. 
 
A 2013 meta-analyses58 performed is the only formal meta-analysis since the 1992 meta- 
analyses by Hasselblad59 et al that was instrumental in the World Health Organization (WHO) 
outdoor NO2 guideline of 40µg/m3.60 Lin and colleagues58 performed a methodologically 
robust and informative meta-analyses that quantified the association of childhood asthma and 
wheeze with indoor NO2 and its main residential source (gas cooking).  The analyses included 
only epidemiological studies that had data on individual indoor gas appliances and indoor 
combustion sources, rather than aggregating the data on gas/combustion sources as one 
combined exposure. The researchers computed a summary risk measure specifically for the 
association between exposure to gas stoves and asthma status and wheeze.  The meta-analyses 
included 41 population-based studies that reported on the association between indoor NO2 (and 
gas cooking) and childhood asthma and wheeze. The included studies covered 35 years of 
research. The summary odds ratio from random effects meta-analysis for asthma and gas 
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cooking exposure was 1.32 (95% CI 1.18-1.48), and for a 15-ppb increase in NO2 it was 1.09 
(95% CI 0.91-1.31). Indoor NO2 was more clearly associated with current wheeze (defined as 
wheeze within the prior 12 months) than asthma (random effects OR 1.15; 95% CI 1.06-1.25). 
Although living in a home with a gas stove increased a child’s risk of having current and 
lifetime asthma, the analyses did not find an increased risk of asthma in relation to indoor NO2 
exposure or an increased risk of wheeze in relation to gas cooking. 
 
VI. Rationale for Dissertation 
 
The association between adverse health consequences and indoor NO2 exposure has been the 
focus of many epidemiological studies. These studies have demonstrated that indoor NO2 
exposure may increase the risk of acute and chronic respiratory illness, reduce lung function, 
and trigger and exacerbate asthma in children. In the indoor environment, where children spend 
large amounts of time, gas appliances, such as gas stoves, are primary sources of NO2 and these 
conditions combined contribute to a living environment that increases the risk of asthma 
exacerbation. Furthermore, where such NO2 sources are present, indoor levels can be much 
higher than outdoor levels derived from vehicular traffic emissions. For these reasons, indoor 
exposure to NO2 continues to be a public health concern. 
 
To date, epidemiological studies have not convincingly demonstrated that exposure to indoor 
NO2 is associated with new-onset asthma in young inner-city children. The recent studies 
assessing the effects of indoor NO2 on asthma morbidity were limited to inner-city children, 
largely older, who were diagnosed with asthma. A gap in knowledge remains regarding the 
32  
role indoor NO2 plays on the development of asthma in children not previously diagnosed. 
The purpose of this dissertation is to describe the association of exposure to indoor NO2 and 
primary sources with the initiation and exacerbation of asthma symptoms among pre-school 
children with and without diagnosed asthma, enrolled in New York City Head Start centers. 
The following two chapters will detail the dissertation research activities and findings. 
Specifically, Chapter 2 will describe the baseline study which sought: (a) to characterize 
indoor NO2 exposures in the cohort at study enrollment and (b) to evaluate the nature and 
magnitude of the association of NO2 with asthma and asthma severity.  Chapter 3 will cover 
our 12-month follow-up study, which evaluated the longer-term effects of children’s exposure 
to indoor NO2 at baseline on asthma status and symptom severity, while also looking at other 
known risk factors for asthma. Lastly, Chapter 4 will provide an overall conclusion for both 
studies and suggestions for the continuation of current and performance of new research on 
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Chapter 2. Association of the Exposure to Residential Levels of NO2 and 




Background: Epidemiologic studies have suggested that exposure to various air pollutants, 
particularly those associated with combustion, is positively associated with adverse respiratory 
effects among asthmatics, especially young inner-city children with asthma.  Such children 
spend most of their time indoors.  We analyzed the associations of indoor levels of NO2 and 
well- known sources of indoor NO2 with the risk of asthma among preschool-age children 
living in New York City. 
 
Methods: Parents of children enrolled in New York City Head Start Programs were asked to 
complete a baseline questionnaire covering demographic factors, medical history, and home 
environment conditions, and presence of sources of known allergens and indoor pollutants, 
including NO2 sources (gas stove, gas dryers, and presence of environmental tobacco 
smoke/smokers). During a home visit, NO2 concentrations were measured by PalmesTubes 
placed in the room where the child spent the most time for a single one-week period. Logistic 
regression modeling was used to assess the association between asthma and exposure to NO2, 
sources and levels, controlling for age, gender, ethnicity/national origin, parental asthma, 
child’s allergy status, NO2 sampling season, smokers in the home. 
 
Results: Of 503 children (mean age 47.6 months) studied, 171 were categorized as asthmatic. In 
multivariable logistic regression analyses, we found no relationship between asthma and indoor 
NO2 concentration or indoor sources of NO2 (such as gas appliances). Children with asthma 
were nearly twice as likely as other children to live with a smoker (OR=1.92, 95% CI 1.17-
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3.13). Additionally, among the 105 children with allergic asthma children exposure to 
increasing indoor NO2 levels was associated with more severe respiratory symptoms. 
 
Conclusions: Our finding of an association of exposure to high indoor NO2 levels with asthma 
severity is consistent with the findings of other studies.   Indoor NO2 appears to be a health 




Asthma is the most common chronic illness of childhood in the United States1 and inner-city 
children suffer disproportionate asthma morbidity despite advances in therapy and in our 
understanding of the pathophysiology of this disease. Although many factors may play a role in 
these disparities, recent evidence suggests that exposure to outdoor and indoor pollutants may 
contribute to the burden of asthma in young, very low-income, minority children. The greatest 
contributors to outdoor pollution in urban areas with high levels of vehicular traffic are: 
inhalable particulate matter (PM), nitrogen dioxide (NO2), and ozone (O3). Respiratory health 
effects of air pollution are contingent upon several factors, such as, the type of pollutant and its 
concentration in the immediate environment, the duration of exposure, individual susceptibility, 
and the presence of other environmental stressors (both indoor and outdoor exposures). 
Aeroallergens derived from pollens and fungal spores induce respiratory events by causing 
bronchial obstruction in susceptible individuals, and pollen allergy is a model used to study the 
inter- relationships between ambient pollution and respiratory allergy.2-4 Some researchers 
suggest that air pollutants promote airway sensitization and asthma by changing the effective 
allergen concentration5 while other research describes the effects of air pollution on the 
airways, namely, damage to the mucosa and impairment of mucociliary clearance, facilitating 
access of inhaled allergens to the immune cells and triggering an immune response. 
 
The major categories of indoor exposures include allergens and other biologics, such as 
endotoxins, toxic chemicals and pollutants. Indoor allergens include those associated with 
dust mites, cats, dogs, mice, rats, cockroaches and molds.6,7   Important indoor air pollutants 
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include NO2, PM, environmental tobacco smoke (ETS), and O3.8 The relative contributions 
of specific residential (for example, the individual effects of indoor NO2) exposures and the 
overall contributions of housing factors to asthma in children living in United States urban 
areas remain unclear. Those environmental exposures are potentially modifiable; to the 
extent that they increase asthma risk, dealing with them may be a promising public health 
strategy to reduce or possibly prevent childhood asthma. 
 
Indoor combustion produces gases (e.g., NO2 and CO) and particulate matter that have been 
found to exacerbate asthma symptoms and may contribute to the development of asthma. 
Sources of combustion products in the residence include gas stoves for cooking/heating and 
heating devices (e.g., fireplaces, wood-burning stoves, kerosene heaters, vented or non-vented 
gas heaters).  Home heating devices include those used as primary heating sources and those 
used as secondary heating sources. For example, in the United States, central heating units 
(e.g., oil or gas furnaces) are the primary sources of heat for most residences; and wood-
burning stoves, fireplaces, gas space heaters, kerosene heaters may be used as secondary 
sources.  In other parts of the world, especially the less developed regions of Europe and 
China, wood- burning stoves may serve as the primary heat sources for homes. However, as 
countries like China become more urbanized and economically self-sustainable, their 
dependence on, and use of fossil fuels will increase and resemble the patterns of use of more 
developed countries. 
 
In the United States, gas stoves are the primary source of indoor combustion. Depending on the 
age of the stove, whether it is vented or unvented, and the indoor characteristics of the 
41  
residence, exposures to the combustion products of the stove can vary considerably.9 Older gas 
stoves with continuous burning pilot lights, and unvented gas stoves, produce more gaseous 
(such as NO2) and particulate emissions than the newer gas stoves with electronic pilot light 
ignition, and vented gas stoves. Other gas-powered appliances, such as gas dryers and hot water 
heaters, emit NO2 and other pollutants, but in lower quantities. 
 
Numerous studies have investigated the relationship between exposure to indoor 
combustion products and the onset and/or exacerbation of pediatric asthma and respiratory 
symptoms.10,11  Studies have investigated both sources (e.g., gas stoves and heaters) and 
types (e.g., NO2 or PM) of such pollutants.  Gas space heaters emit NO2 at concentrations 
comparable to those of gas stove emissions. However, because gas heaters are used for 
longer periods of time and throughout a residence, the spatial gradients of their emissions 
are probably less than those of gas stoves, which are used for shorter periods of time and 
are limited to the kitchen. Of course, unvented gas stoves and gas heaters can expose 
residents to much higher NO2 concentrations than can vented appliances. Yet, exposure to 
vented gas stoves can also pose a risk if the child spends considerable time in the kitchen 
while the appliance is in use. 
 
NO2 is an oxidant pollutant and a known respiratory irritant. The potential adverse effects of 
chronic exposure to low levels of indoor NO2 on the respiratory health of children are a serious 
public health concern. The reasons for the concern are that many children are exposed to 
indoor NO2 levels higher than the EPA regulatory ambient standard, and that children spend a 
considerable amount of their time indoors. According to the 2010 US Census report,12 
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approximately 39% of US households use natural gas for cooking, and the primary source of 
residential NO2 is a gas-fuel cooking appliance.13 Furthermore, children spend more of their 
time indoors than outdoors, and nearly 70% of their time is spent at home.14 Inner city children 
are likely to live in residences with gas stoves and gas heaters15 and more likely than suburban 
children to live in homes with gas stoves.16 Living in homes with gas appliances, in particular 
gas stoves, and exposure to indoor and outdoor sources of NO2 is associated with lower 
respiratory tract symptoms among children with and without asthma.2 ,17-23 Some studies 
suggest that the levels of indoor NO2 to which inner-city children are commonly exposed 
exceeds those of ambient outdoor NO2 as well as EPA regulatory air quality standards (53 ppb, 
100 μg/m3). Furthermore, several studies suggest that indoor NO2 exposure increases 
respiratory responses, particularly allergic responses, in asthmatics at concentrations well 
below the EPA’s ambient limit,24-26 that may support observations where NO2 concentrations 
in the homes of children with asthma are similar or possibly lower than in homes of children 
without asthma. These studies suggest that NO2 may induce subtle clinical effects, subclinical 
effects, in asthmatics that may not show up in standard medical exams. Subclinical effects of 
NO2 (at levels below 0.3 ppm) include increased airway reactivity, increased airway 
inflammation and increased response to allergens, all of which are features of asthma. 
 
Although recent studies have reported associations between NO2 and various respiratory 
conditions and symptoms, the toxicological and epidemiological evidence regarding the 
mechanism of action and specific respiratory health effects, such as asthma, continues to 
elicit debate.27 Although the toxicology of NO2 exposure suggests that is has the potential to 
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cause respiratory symptoms and decreased lung function, results from approximately two 
decades of epidemiologic studies linking exposure to NO2 and adverse respiratory effects are 
inconsistent. Some of these inconsistences may be explained by differences in the 
populations studied (healthy children, infants, children with asthma and infants at risk for 
asthma), measures of outcomes, methods of quantifying exposure to indoor pollutants and 
study design. 
 
Controlled human exposure studies of NO2 have explored the clinical effects, such as reduced 
lung function and respiratory symptoms, at levels above 0.5ppm. Most have found significant 
changes in symptoms or lung function in both healthy and asthmatic subjects, but in 
concentrations well above EPA’s ambient limit.  In contrast, recent epidemiologic studies 
focus primarily on the health effects of NO2 levels at and below the current standard of 53ppb. 
Moreover, results of different epidemiologic studies are inconsistent because they use different 
outcome measures, such as emergency room visits, decreased lung function, increased 
symptoms, and increased medication use. Quantification of exposure is further complicated by 
time (such as season), time frame (duration and averaging of measurement), and home 
surroundings. In addition, due to the complexity of the composition of ambient air pollution 
(outdoor and indoor), it has been daunting for researchers to identify the individual 
contribution of pollutants in asthma morbidity. 
 
In New York City, the association between neighborhood income and asthma hospitalization 
rates is well established.28 However, few epidemiology studies have evaluated the association 
of indoor NO2 exposure with asthma morbidity and respiratory symptoms in very young, 
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minority children living in low-income urban areas. This association warrants study because 
inner-city minority children living in low-income communities suffer disproportionately from 
asthma and are exposed to high levels of indoor pollutants, aeroallergens and poor housing 
conditions. 17,29  We therefore investigated the association between indoor NO2 and asthma in a 
cohort of pre-school children attending Head Start programs in New York City neighborhoods 
with high pediatric asthma hospital rates. 
 
The primary aims of this research were (a) to characterize and compare demographics,  
SES, lifestyle factors, and exposures to indoor NO2 and indoor allergens in preschool 
children with and without asthma at baseline and (b) to investigate the direction and 
magnitude of the relationship between exposures to residential NO2 (and other potential 
risk factors of interest) and the main outcome of interest – asthma status, in the pediatric 
cohort at study enrollment. The secondary aim of this research was to investigate the 
relationship between indoor NO2 exposure and severity of respiratory symptoms among a 





The data analyzed in the current research come from a larger study of Endotoxin, Obesity, 
and Asthma (EOA) in the New York City Head Start Program, funded in the summer of 
2002. The primary research objective of that study was to identify modifiable risk factors 
associated with asthma and asthma persistence among preschool children from low-income 
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families living in select New York City neighborhoods with high pediatric asthma 
hospitalization rates. 
 
We conducted a cross-sectional analysis of data collected from the study questionnaire and 
home visit sampling at study enrollment. Specifically, the research sought to evaluate the 
association of  NO2 exposure with asthma status among New York City Head Start children 
with and without asthma at study enrollment and with respiratory symptoms among children 
with asthma at enrollment. 
 
Study Cohort and Recruitment 
 
Head Start provides preschool education for low-income children and supportive services for 
their families throughout the United States. Permission was obtained to recruit on-site from 
50 Head Start centers in New York City neighborhoods selected for their high pediatric 
asthma hospitalization rates. Head Start centers in northern Manhattan, the Bronx, and 
Brooklyn were included in the study. From January 2003 through December 2005, the study 
team made 300 recruitment presentations at those centers. At the Head Start centers, English 
and Spanish speaking interviewers explained the study to groups of parents whose children 
were eligible to participate in the study. Caregivers of more than 1,000 children provided 
informed consent to participate in a follow-up study involving annual telephone interviews 
and completed a baseline questionnaire. Approximately half of those respondents also 
consented to receive home visits at which additional data were collected. For their 
participation in the study, parents received monetary compensation. The Institutional Review 
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The EOA study questionnaire asked caregivers about their child’s history of respiratory 
conditions (questions covered wheezing, difficulty in breathing, coughing, and a doctor’s 
diagnosis of asthma), as well as personal and family medical history. The questionnaire 
also addressed home environment (building age, single vs. multiunit, number of rooms, 
condition of residence, etc), type of home appliances, demographic factors, parental 
tobacco use, parental education attainment, employment status and the child’s access to 
healthcare (i.e., type of insurance coverage). National origin was determined through 
questions about race, Hispanic national origin, and child’s and caregivers’ birthplace. 
 
Health Outcomes and Exposures of Interest 
 
Definitions and criteria for the study’s health outcomes were based on the EOA study 
questionnaire, which was based in part on validated questions employed by ISAAC. Health 
outcomes of interest included asthma by the study definition, asthma/wheeze, allergy status, 
and IgE antibody levels. Analysis of children’s serum samples were performed for the original 
EOA study and classified as sensitized if they had an IgE level at or greater than a pre-
determined threshold to any of the following four allergens tested – dust mite 
(Dermatophagoides farina), cockroach (German cockroach whole body extract), mouse 
(urinary proteins), and cat (dander). Specifically, asthma/respiratory outcomes of interest 
captured by the questionnaire included: asthma/wheeze, persistent cough/shortness of 
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breath/chest tightness, and difficulty breathing prior to the baseline home visit. Because the 
children participating in the study were too young to have a definitive asthma diagnosis and 
were not provided with physical examinations, children were categorized as having “asthma” 
if their caregivers reported that they had: 
 
1.   A history of physician diagnosed asthma, and any wheezing or difficulty in 
 breathing in the past year, or 
 
2.   Wheezing of difficulty in breathing > 3 times in the past year, or  
 
3.   Any urgent physician, emergency department, or hospital visit because of wheezing 
 or difficulty in breathing, or 
4.   The use of any asthma medication in the past year unless the only symptom 




In addition to asthma status, children were categorized as having allergy symptoms if their 
parents described them as having experienced food allergies; runny nose or sneezing caused 
by house dust, cockroaches, pollens, cats, dogs, mice, rats, or other animals; or as 
experiencing other allergy symptoms such as skin rashes. Children were categorized as 
having: 
1.   No ‘asthma’ no allergy symptoms 
 
2.   No ‘asthma’, allergy symptoms 
 
3.   Asthma only 
 






Lastly, severity of respiratory symptoms was examined among children with non-allergic 
asthma and allergic asthma. This was achieved by looking at questionnaire responses for 
seeking medical care for respiratory symptoms over the past year, namely wheeze and difficulty 
breathing.  Severity of respiratory symptoms was assessed by the following questionnaire 
responses: 
1.   Doctor visit for respiratory symptoms 
2.   Visit to the emergency room due to respiratory symptoms 
3.   Admission to the hospital due to respiratory symptoms 
4.   Frequency of doctor visits (0, 1-3, >3) due to respiratory symptoms 
5.   Frequency of visits to the emergency department (0, 1-3, >3) due to 
respiratory symptoms 




NO2 as the Indoor Exposure of interest: Source and Measurement 
During the baseline home visit, NO2 sampling was conducted at the child’s primary residence. 
A Palmes tube30 (a passive NO2 sampler consisting of a small cylindrical tube with a metal grid 
of stainless steel coated with tri-ethanol amine at the bottom of the tube) was attached to a wall 
of the room in which the child spent the most time based on the information provided by the 





Indoor residential sources of NO2 exposure include: (a) gas appliances (gas stoves, gas heaters, 
gas dryers) and (b) environmental tobacco smoke (smoker living in the residence). The 
presence or absence of these sources of NO2 in the children’s homes, assessed by responses to 
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Children with and without respiratory symptoms at baseline were compared with respect to 
the risk factor categories: age, gender, ethnicity/national origin, caregiver’s educational 
attainment, presence of smokers, parents with asthma, BMI (for age and by gender), 
sensitivity based on total IgE and specific IgE values, building/residence age and NO2 
sampling season.  Children’s ages were recorded in the questionnaire as age in months, as was 
treated in the descriptive analyses as both a continuous and categorical variable (< 48 months 
and > 48 months) and as a categorical variable in the multivariate analysis. Categories for the 
variables, ethnicity/national origin, caregiver’s educational attainment and building age were 
based on categories included in the questionnaire. However, for the variables, 
ethnicity/national origin and parents’ educational attainment we decided to slightly modify the 
categories to make them more inclusive if categories were too similar or if the questionnaire 
category consistent of too few observations. Ethnicity/national original consisted of the 
categories, Dominican, Mexican, Puerto Rican, Other/mixed Hispanic and Non-Hispanic 
Black. Both the variables, mother’s and father’s education attainment included the categories: 
< 8th grade, 9th – 11th grade, High School diploma and education beyond High School. 
Building age categories included, < 1900, 1900-1949, 1950-1969, 1970 and later, and 
unknown. NO2 sampling season was categorized as: cooler months (November through April) 
and warmer months (May through October), which were based on dates recorded by the 
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technician in the study, database.  Other analyses grouped children by NO2 quartiles and 
compared the children across the groups with respect to the same key characteristics. Logistic 
regression models were used to analyze the association of respiratory symptoms with indoor 
NO2 exposure, controlling for the confounders identified in the descriptive analyses. In 
addition, descriptive analyses were performed in the sub-cohort of children with asthma. 
These children were characterized by allergy status as well as NO2 quartile. Analyses were 
performed to explore whether exposure to increasing NO2 levels was associated with 
respiratory symptom severity among children with allergic asthma and among those with non-
allergic asthma. 
 
Descriptive Analyses (Univariate, Bivariate):  Frequency distributions of gender, 
ethnicity/national origin, presence of smokers in household (Y/N), parent(s) with asthma, 
parents’ completed education level, residence characteristics (presence of mold/mildew, 
number of rooms, water leaks), presence of gas stove (Y/N), gas stove used for heat (Y/N), 
NO2 quartile, age category of building, specific IgE sensitivity, and total IgE categories, BMI 
categories, by asthma/allergy status (bivariate outcome variable) at baseline were compared 
using chi-squared tests of statistical significance (that is, unadjusted associations were 
examined using χ2 analyses). 
 
 
Chi-squared tests of statistical significance were also performed to compare respiratory 
symptom severity in sub-cohorts of asthmatic children, by NO2 quartile, smoking in residence, 
and allergy status. When data were too sparse for chi-squared testing, Fisher’s Exact Tests were 
used to evaluate the statistical significance of the difference in the distributions between the 
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Multivariate Analyses:  Logistic regression was performed to evaluate the direction and 
magnitude of the relationships, at baseline, between indoor NO2 exposure (both source and 
concentration) and asthma symptom status. Environmental tobacco smoke (presence of 
smoker in household) and gas stove were evaluated as sources of NO2, and as such, were 
included in models that assessed the contributions of NO2 sources and excluded from models 
concerning the NO2 concentration.  NO2 was treated as a categorical variable (e.g., 




Logistic regression models were developed to explore the potential individual contributions of 
indoor NO2 on child’s asthma symptoms by looking at the main effects of indoor NO2 levels 
via (a) exposure to smokers in the home, (b) exposure to a gas stove (both captured by the 
study questionnaire as presence/absence) and (c) measured indoor NO2 concentrations by 
parts per billion per hour (ppb/hr) and categorized by quartiles during the analyses. Health 
outcomes (such as wheezing, difficulty breathing, coughing without cold, nocturnal 
symptoms), were explored as categorical variables, ascertained for a specified time period 
prior to the study inception via the study questionnaire completed by the caregiver and 
environmental sampling performed during the baseline home visit. To better understand the 
relationship between indoor NO2 and asthma, both asthma status and severity of asthma 
symptoms were investigated. 
 
 
For our model selection, we considered most of the variables from the cross-tabulation 
analyses. Using SPSS, we used stepwise selection for the selection of variables that would 
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afford the best interpretation and good prediction, and the most typically used value of 
significance level of 0.05 was chosen.  We were aware that model selection is a fundamental 
task in data analyses, and that the model with too many variables will make reliable 
interpretation difficult and on the other hand too few variables will hamper good prediction. 
Our choice for using stepwise selection was subjective, and intuitively appealing; the method 
builds models in a sequential manner and it allowed for the examination of a collection of 
models which might not otherwise have been examined. In all, we developed and examined six 
models to evaluate the relationship between asthma and: 1) indoor NO2 level, 2) the presence 
of a gas stove, 3) smokers in the household and 4) the combination of the two NO2 sources (3 
models not considering the role of a child’s allergy status and 3 controlling for allergy status). 
All six models controlled for the following covariates which were included in a stepwise 
manner: gender, age group, national origin/ethnicity, the parents’ self-reported asthma status, 
the father’s completed education level, the mother’s completed education level, and both 






The following paragraphs discuss the descriptive and hypothesis testing analyses (inferential 
analyses) performed to: (1) characterize the study cohort and residence, (2) describe the 
relationships between covariates and (3) address the primary research question of whether 
exposure to indoor NO2 concentrations is a risk factor for asthma and its symptoms among 











A total of 503 children met the criteria for inclusion in the descriptive analysis. Four 
separate tables provide descriptive results. Table 2.1 presents the distributions of their 
demographic and clinical characteristics by baseline asthma and allergy status, and BMI 
distribution is further stratified by gender. A total of 105 children (20.9%) met the criteria 
for both asthma and allergy, and 67 (13.3%) met the criteria for asthma alone. Girls made 
up 51.7% and boys, 48.3% of the 503 study participants. Mean age of the cohort was 47.6 
months (SD 6.6), and age was not associated with asthma/allergy status. Children of 
Hispanic ethnicity comprised 88.5% of the cohort; children of Mexican ethnicity were the 
largest group, 34%, with the second largest being of Dominican ethnicity, almost 23%. 
Asthma/allergy status was associated with: male gender, non-Mexican ethnicity/national 
origin, presence of a smoker in the child’s home, number of smokers in the child’s home, 
self-reported parental history of asthma, mother’s education level and sensitization to one or 




Table 2.2 presents the distribution of potential risk characteristics of the children’s homes 
by asthma and allergy status: time period when the home was built (i.e., pre-1900, 1900-
1949, 1950-1969 and 1970+); presence of a gas stove in home (current home and across all 
homes child lived); interior NO2 concentration by quartile, and season when residential 
NO2 was measured. Only NO2 sampling season was associated with a child’s 
asthma/allergy, suggesting that colder months were associated with asthma symptoms. 
Neither NO2 source nor NO2 quartile were associated with a child’s asthma/allergy status. 
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Table 2.3 presents results of descriptive analyses assessing the relationship between exposure 
to indoor NO2 in the primary residence and key demographic and clinical characteristics of 
children. While tables 2.1 and 2.2 presented results for the association with the primary 
outcome, tables 2.3 and 2.4 provided the results for the association with the key exposure of 
interest. Although the focus of these tables were not the same, tables 2.1 and 2.2 focused on 
the association with health outcome of interest and the latter two tables on the associations 
with the primary exposure of interest, the results suggest that many of the same characteristic 
associated with the outcome were also associated with the exposure of interest. The results 
seem to suggest that some of the characteristics were confounders or were part of the causal 
pathway.  Results revealed statistically significant associations between exposure to indoor 
NO2 (categorized by quartile) and: national origin/ethnicity, mother’s education level, living 
with a smoker as well as number of smokers living in the residence, age/year category of 




Further analyses were performed and limited to children with asthma at baseline (n=171).  
The relationship between exposure to indoor NO2, and severity of respiratory symptoms was 
examined among the 105 asthmatic children with allergies and the 66 without allergies. The 




The analyses looked at respiratory symptom severity by presence/absence for: doctor visit, ER 
visit and hospital admission. Among the children who were not allergic asthmatics, NO2 levels 
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were not associated with those indicators of asthma severity. However, among children with 
allergic asthma, NO2 levels were associated with doctor’s visits due to wheeze (p=0.03) and 




Logistic regression analyses were performed to measure the magnitude and direction of the 
association between the covariates that were associated with the primary outcome or exposure, 
or both. For multi-level independent variables, specifically NO2 quartile, we also evaluated 
whether a trend existed.  Results of these analyses are discussed in the following section and 




L ogisti c Re gr ession An alysis : 
 
 
Logistic regression models were used to investigate the magnitude and direction (as well as 
trend) of the association between childhood asthma and indoor NO2 sources in the child’s 
home. As mentioned earlier in the methodology discussion of logistic regression models in the 
Statistical Analyses section, numerous models were developed to explore this relationship, 
including: six models to evaluate the relationship between asthma and: 1) the presence of a gas 
stove, 2) smokers in the household and 3) the combination of the two NO2 sources (3 models 
not considering the role of a child’s allergy status and 3 controlling for allergy status). Six 
logistic regression models controlled for the following covariates which were included in a 
stepwise manner: gender, age group, national origin/ethnicity, the parents’ self-reported 
asthma status, the father’s completed education level, the mother’s completed education level, 
and both parents’ education level and NO2 sampling season. However, results for these six 
logistic models revealed nominal differences among models controlling for or not controlling 
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for allergy status and NO2 sources individually. Therefore, final analyses were limited to the 
use of one main logistic model that provided informative interpretation and good predictive 
value.  Based on our review of all six models, we restricted the inclusion of covariates in the 
final model to those found to be associated with either asthma status or exposure to NO2 from 
the descriptive analyses, namely: gender, presence of smoker, presence of gas stove, NO2 
quartile, season of indoor NO2 sampling, child’s allergy status, child’s ethnicity/national 
origin, and parents asthma history. We do not believe that inclusion of both main exposure 
variables, NO2 quartile and presence of gas stove, resulted in over-adjustment because we 
found that the respective Odds Ratios (and corresponding 95% CIs) for these covariates in the 
final model were very similar to their respective values when one of the covariates was 
excluded from the model and therefore its effects not controlled. The interim models are 
provided in the Appendix section. 
 
The final model did not reveal a statistically significant association between children’s 
asthma status and increasing indoor NO2 levels or asthma status and an indoor NO2 source 
(i.e., gas stove). Although the Odds Ratios and corresponding 95% confidence intervals 
were not significant between NO2 quartile and asthma, and the overall p-value for trend was 
not significant, there was an increasing positive trend among the Odds Ratio for the NO2 
quartiles and asthma. In contrast, an association between the presence of a smoker in the 
home and asthma status was found. While NO2 is a well-known constituent of 
environmental tobacco smoke these findings suggest that NO2 may play a lesser role in 
asthma risk than other combustion by products, specifically PM2.5. The model did support 
an association between male gender, national original/ethnicity, allergy and parents’ history 
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of asthma. Children living with a smoker had almost twice the odds of being asthmatic, 
OR=1.92; 95% CI, 1.17-3.13 as children who did not. The model also revealed that children 
whose mother reported a history of asthma,  had almost two and a half times  the odds (OR 
2.41; 95% CI, 1.20-4.85) of having asthma as children whose mother did not report a 
history of asthma. Similarly, children who were allergic at baseline had nearly 3.5 times  
the odds (OR=3.52; 95% CI, 2.31-5.37) of having asthma than children and boys had 
almost twice as the odds  (OR=1.92; 95% CI, 1.27-2.90) of being asthmatic as girls, while 
controlling for other potential risk factors. Lastly, compared to children of Mexican 
ethnicity, non-Hispanic black and Dominican children had significantly greater 






In this study of NYC Head Start preschool children, increasing concentrations of NO2 were not 
associated with increased risk of asthma. The exposure of interest, NO2 concentration, was 
analyzed as quartiles of ppb/hr derived from single samples in Palmes tubes placed in the 
household for a week. The covariates included in the final logistic regression model were: 
gender, national origin/ethnicity, presence of a smoker in the child’s home, presence of a gas 
stove, which are well established NO2 sources, NO2 quartile, child’s allergy status and a 
parents’ history of asthma. Determination of which covariates to include was based on finding 
in the published literature, the results from the descriptive analyses and the most parsimonious 
model providing information directly relevant to the research questions. Our rationale for 
developing the interim and final models, similarly for considering select covariates, was to 
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expand on the results of the descriptive analyses, as well as the findings of recent 
epidemiologic studies that parents’ education level, national origin/ethnicity, history of 
parental asthma, were related to childhood asthma status and to indoor pollutants and allergens 
found in the residences of asthmatic children. Moreover, including child allergy status in the 
final model explored whether allergy status and NO2 introduced effect modification by looking 
for differences in the relationship between NO2 exposure and asthma. We found no evidence 
of a relationship between NO2 levels or NO2 sources (i.e., gas appliances) and children’s 
asthma status. Thus, with regard to the primary research questions, our findings were largely 
null with the 95% CIs for both variables including the null value.  However, the published 
studies that found a positive association examined a different issue, the association of NO2 
exposure with asthma morbidity or severity among children with asthma. 26,31-36 
For example, a year-long prospective cohort study by Belanger and colleagues26 used a 
repeated measure composed of two components: a symptom step and a medication step. The 
symptom and medication steps were combined to determine overall asthma severity for each 
asthmatic child for each of the four monitoring periods. To address whether our study would 
suggest similar findings to those of other recently published epidemiologic studies, additional 
descriptive analyses were performed on the asthmatic children in the study. The results of the 
analyses for asthma severity and exposure to indoor NO2 were more consistent with the 
published studies of asthmatic children and NO2 exposure. Specifically, we observed an 
association between indoor NO2 exposure and asthma severity in atopic asthmatics, but not in 
non-atopic asthmatics. These findings suggest that allergic sensitization may make lung tissue 
more vulnerable to the irritant effects of NO2 thus triggering asthma symptoms and at lower 
levels of NO2 exposure. 
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On the other hand, most of the studies with positive findings looked at the association of 
indoor NO2 concentration (and established indoor NO2 sources) and well-established 
respiratory symptoms of asthma, individually. By grouping together children who met any of 
four criteria indicative of asthma, we may have obscured an association with individual asthma 
symptoms or patterns (e.g., daytime wheezing, difficulty breathing). 
 
Unlike other studies, which used multiple and repeated measurements of longer duration, ours 
employed a single exposure measurement based on one week of NO2 monitoring. Whilst it is 
possible that the room where the child spent the most time (usually the bedroom) may not 
have been the room with the highest concentration of NO2 (usually the kitchen) and even 
brief amounts of time spent in the room with the highest NO2 concentration may have greater 
effects on children’s airways than time spent in other rooms, we reasoned that the NO2 
concentration in the room where the child spent the most time was the most relevant 
exposure. We speculated that, for example, parents of a child with a history of breathing 
problems or wheeze triggered in the kitchen might try to keep that child out of the kitchen 
when meals were being cooked. Another dimension not explored in this study was the 
contribution of outdoor ambient and other indoor NO2 concentrations. Measuring NO2 
exposures beyond the child’s home would have enabled us to analyze the association of 
asthma with total NO2 levels. Unfortunately, concentrations of NO2 within the Head Start 
centers and outside the home were not measured because of logistical difficulties. Similarly, it 
might have been informative if passive monitors were placed outside the residence to more 
accurately capture the contribution of indoor and outdoor NO2 concentrations. However, the 
primary research aims of this study were to investigate the effects of indoor concentrations of 
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NO2 on asthma and asthma severity, and quantifying the original source of the NO2 within the 
residence with certainty is less important than understanding the overall relationship between 
asthma and residential NO2. 
 
As is well known, NO2 is a component of environmental tobacco smoke, which is strongly 
associated with asthma development, persistence and severity in other studies.  We too 
found that children who lived with smokers were more likely to have asthma than children 
who did not. However, in our data, NO2 levels were not higher in homes of smokers than in 
other homes, perhaps because we measured NO2 in the rooms where the children spent 
their time, not where the smokers spent their time. A 2011 cross-sectional analysis37 
investigated the relationship between indoor NO2 concentration and asthma symptoms 
among 40 asthmatics and 40 non- asthmatics. In this study a data mining technique using 
four different algorithms (i.e., Waikato Environment for Knowledge Analysis – Weka) was 
used to explore the association between indoor NO2 concentration and other NO2 attributes 
with asthma symptoms. The data mining techniques demonstrated a strong relationship 
between indoor NO2 concentrations and asthma symptoms, strong correlations between 
indoor NO2 concentrations and sources of NO2, and relationships between sources and 
asthma symptoms. These results might suggest inherent limitations in our study’s method 
of collecting NO2 concentrations and analytical method for evaluating any relationship. 
 
Epidemiologic studies have shown that among people with asthma (children being most 
vulnerable), exposure to relatively low levels of indoor NO2 concentrations experience 
increased bronchial activity and heightened susceptibility among young children to respiratory 
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infections. While our findings did not support a relationship between risk of asthma and 
increasing NO2 concentrations, the results of our sub-analyses in the 171 asthmatic children are 
consistent with the growing view of researchers that respiratory symptoms are exacerbated 
even at low levels of indoor NO2 concentration – well below the EPA ambient safe standard of 
0.053 ppm- among asthmatics. Perhaps an underlying immunological mechanism in asthmatics 
may be responsible for lowering the threshold at which exposure to NO2 (even at low levels) 
heightens asthmatic children’s sensitivity to respiratory stressors, such as allergen sensitization. 
 
In conclusion, further investigation of the relationship between indoor NO2 concentration (and 
sources) and asthma is warranted. This is suggested in our findings of a positive trend between 
increasing NO2 level and risk of asthma. Of particular interest is the relationship between 
indoor NO2 levels and asthma persistence, asthma severity and allergen sensitivity over time. 
Other studies may identify modifications of and benefits due to the modification of indoor NO2 
sources. These include: replacement of gas stove/heater with electric stove/heater, proper 
ventilation of gas appliance, more efficient home ventilation and heightened awareness and 
reduction of the improper use of gas appliances (i.e., gas stove for heat). 
62  
CHAPTER 2 REFERENCES 
 
 
1 Lanphear BP, Aligne CA, Auinger P, et al. Residential exposure associated with asthma in US children. Pediatrics 
2001; 107; 505-511. 
2 D’Amato F, Liccardi G. Environmental injury of airways and allergic respiratory diseases. Pulm Pharmacol Ther 
1998; 11: 369-374. 
3 Devalia JL, Rusznak C, Daview RJ. Allergen/irritant interaction – its role in sensitization and allergic disease. 
Allergy 1998; 53: 335-374. 
4 D’Amato G, Liccardi G, D’Amato M, et al. The role of outdoor air pollution and climate changes on the 
rising trends in respiratory allergy. Resp Med 2001; 95:606-611 
5 Eggleston PA. Complex interactions of pollutant and allergen exposures and their impact on people with asthma. 
Pediatrics 2009; 123: S160-167. 
6 Institute of Medicine: Damp Indoor Spaces and Health. Washington DC; National Academies Press; 
2004: Available online: http://www.nap.edu/catalog/1101.html. 
7 Etzel RA. How environmental exposures influence the development and exacerbation of asthma. Pediatrics 2003; 
112(1): 233-239. 
8 Matsui EC, Hansel NN, McCormack MC, et al. Asthma and the inner city and the indoor environment. Immunol 
Allergy Clin N Am 2008; 28: 665-686. 
9 Belanger K, Triche EW. Indoor combustion and Asthma. Immunol Allergy Clin North Am 2008; 28(3): 507-516. 
10 Posonby AL, Couper D, Dwyer T, et al. The relation between infant indoor environment and subsequent Asthma. 
Epidemiol 2000; 11: 128-135. 
11 Mommers M, Jongmans-Liedekerken AW, Derks R, et al. Indoor environment and respiratory symptoms 
in children living in the Dutch-German borderland. Int J Hyg Environ Health 2005; 208(5): 373-381. 
12 U.S. Census Bureau, Current Housing Reports, Series H150/11, American Housing Survey for the United States: 
2011,U.S. Government Printing Office, Washington, DC, 20401. Printed in 2013. 
13 Belanger K, Gent JF, Triche EW, et al. Association of indoor nitrogen dioxide exposure with 
respiratory symptoms in children with Asthma. Am J Respir Crit Care Med 2006; 173: 297-303. 
14 Klepeis NE, Nelson WC, Ott WR, et al. The National Human Activity Pattern Survey (NHAPS): a resource 
for assessing exposure to environmental pollutants. J Exp Anal Env Epidemiol 2001; 11:231-381. 
15 Hansel NN, Breysse PN, MCormack MC, et al. A longitudinal study of indoor nitrogen dioxide levels and 
respiratory symptoms in inner-city children with asthma. Environ Health Perspect 2008; 116(10): 1428-
1432. 
16 Simons E, Curtin-Brosnan J, Buckley T, et al. Indoor environmental differences between inner city and 
suburban homes of children with asthma. J Urban Health: Bulletin New York Acad of Med 2007; 84(4): 577-590. 
17 Breysse PN, Buckley TJ, Williams D, et al. Indoor exposures to air pollution and allergens in the homes 
of asthmatic children in inner-city Baltimore. Environ Res 2005; 95: 167-176. 
18 Smith BJ, Nitschke M, Pilotto LS, et al. Health effects of daily indoor nitrogen dioxide exposure in people 
with asthma. Eur Respir J 2000; 16: 879-885. 
19 Linaker CH, Coggon D, Holgate ST, et al. Personal exposure to nitrogen dioxide and risk of airflow obstruction 
in asthmatic children with upper respiratory infection. Thorax 2000; 55: 930-933. 
20 Chauhan AJ, Inskip HM, Linaker CH, et al. Personal exposure to nitrogen dioxide (NO2) and the severity 
of virus-induced asthma in children. Lancet 2003; 361: 1939-1944. 
21 Pilotto LS, Nitschke M, Smity BJ, et al. Randomized controlled trial of unflued gas heater replacement on 
respiratory health of asthma schoolchildren. Int J Epidemiol 2004; 33: 208-214. 
22 Kattan M, Gergen PJ, Egglestone P, et al. Health effects of indoor nitrogen dioxide and passive smoking on 
urban asthmatic children. J Allergy Clin Immunol 2007; 120: 618-624. 
23 Garrett MH, Hooper MA, Hooper BM, et al. Respiratory symptoms in children and indoor exposure to 
nitrogen dioxide and gas stoves. Am J Respir Crit Care Med 1998; 158: 891-895. 
24 Mortimer KM, Neas LM, Dockery DW, et al. The effect of air pollution on inner-city children with asthma. Eur 
Respir J 2002; 19: 699-705 
25 Tunnicliffe WS, Burge PS, Ayres JG. Effect of domestic concentration of nitrogen dioxide on airway responses 
to inhaled allergen in asthmatic patients. Lancet 1994; 344: 1733-1736. 
26 Belanger K, Holford TR, Gent JF, et al. Household Levels of Nitrogen Dioxide and Pediatric Asthma Severity. 
Epidemiol. 2013; 24(2): 320-330. 
63  
27 Basu R, Samet JM. A review of the epidemiologic evidence on health effects of nitrogen dioxide exposure 
from gas stoves. J Environ Med 1999; 1:173-187. 
28 Garg R, Karparti A, Leighton J, et al. Asthma facts, 2nd ed. New York City Health and Mental Hygiene, 2003. 
29Bloom D, Dey AN, Freeman F. Summary health statistics for US children: National Interview Survey, 2005 Vital 
Health Stat. 2006; 1-84. 
30 Palmes ED, Gunnison AF, DiMattio J, et al. Personal sampler for nitrogen dioxide. Am Ind Hyg Associ J 1976; 
37(10): 570-577. 
31 Pilotto LS, Nitschke M, Smith BJ, et al. Randomized controlled trial of unflued gas heater replacement on 
respiratory health of asthmatic school-aged children. Int J Epidemiol. 2004; 33: 208-214. 
32 Belanger K, Gent JF, Triche EW, et al. Association of indoor nitrogen dioxide exposure with 
respiratory symptoms in children with asthma. Am J Respir Crit Care Med. 2006; 173: 297-303. 
33 Hansel NN, Breysse PN, McCormack MC, et al. A longitudinal study of indoor nitrogen dioxide levels and 
respiratory synptoms in inner-city children with asthma. Environ Health Perspect. 2008; 116: 1428-1432. 
34 Kattan M, Gergen PJ, Eggleston P, et al. Health effects of indoor nitrogen dioxide and passibe smoking on urban 
asthmatic children. J Allergy Clin Immunol. 2007; 120: 618-624. 
35 Gillespie-Bennet J, Pierse N, Wickens K, et al. The respiratory health effects of nitrogen dioxide in children with 
asthma. Eur Respir J. 2011; 38:303-309. 
36 Nitschke M, Pilotto LS, Attewell RG, et al. A cohort of indoor nitrogen dioxide and house dust mite exposure in 
asthmatic children. J Occup Environ Med. 2006; 48: 462-469. 
37 Al-Anzi FS, Salman AA. Correlation of Asthma Symptoms with Prevalence of Indoor NO2 Concentration in 
Kuwait. Jour Environ Protect 2011; 2: 186-193. 




No asthma or allergy 
symptoms Allergy Only Asthma only 
No asthma and allergy 
symptoms Total 
 
 N %** N %** N %** N %** N %** P-value 
Total Cohort* 233 46.3 98 19.5 67 13.3 105 20.9 503 100.0  
Mean age in months (SD) 48.1 (6.3) 46.9 (7.2) 47.0 (6.7) 47.6 (6.4) 47.6 (6.6) 0.35 
            
Age Group            0.35 
< 48 months 110 47.2 53 54.1 39 58.2 51 48.6 253 50.3  
> 48 months 123 52.8 45 45.9 28 41.8 54 51.4 259 49.7  
            
Gender            
Female 130 55.8 59 60.2 29 43.3 42 40.0 260 51.7 0.01 
Male 103 44.2 39 39.8 38 56.7 63 60.0 243 48.3  
            
Ethnicity/national origin           <0.01 
Dominican 53 22.7 20 20.4 18 26.9 23 21.9 114 22.7  
Mexican 106 45.5 30 30.6 15 22.4 20 19.0 171 34.0  
Puerto Rican 12 5.2 14 14.3 8 11.9 23 21.9 57 11.3  
Other/mixed Hispanic 44 18.9 25 25.5 14 20.9 20 19.0 103 20.5  
Non-Hispanic Black 16 6.9 9 9.2 10 14.9 16 15.2 51 10.0  
            
Mother’s education           0.02 
< 8th grade 77 33.0 19 19.4 16 23.9 20 19.0 132 26.2  
9th – 11th grade 50 21.5 27 27.6 13 19.4 28 26.7 118 23.5  
High School grade 57 24.5 33 33.7 25 37.3 25 23.8 140 27.8  
Beyond High School 49 21.0 19 19.4 13 19.4 32 30.5 113 22.5  
            
Father’s education           0.15 
< 8th grade 94 40.3 30 30.9 22 33.3 36 34.3 182 36.2  
9th – 11th grade 46 19.7 21 21.6 6 9.1 15 14.3 88 17.5  
High School grade 63 27.0 32 33.0 29 43.9 37 35.2 161 32.0  
Beyond High School 30 12.9 15 15.5 10 15.2 17 16.2 72 14.3  
            
BMI for age by gender             
Girls 130 50.0 59 22.7 29 11.2 42 16.2 260 100.0 0.54 
< 5th percentile 
(underweight) 6 4.6 3 5.1 1 3.4 2 4.8 12 4.6 
 
5th-85th percentile (normal) 62 47.7 33 55.9 9 31.0 17 40.5 121 46.5  
>85th-95th percentile 




No asthma or allergy 
symptoms Allergy Only Asthma only 
No asthma and allergy 
symptoms Total 
 
 N % N % N % N % N % p-value 
> 95th percentile (obese) 42 32.3 17 28.8 10 25.6 14 33.3 83 31.9  
Missing/unknown 3 2.3 1 1.7 1 3.4 0 0.0 5 1.9  
            
BMI for age by gender            
Boys 103 42.4 39 16.0 38 15.6 63 25.9 243 100.0 0.38 
< 5th percentile 
(underweight) 7 6.8 1 2.6 0 0.0 4 6.3 12 4.9 
 
5th-85th percentile (normal) 41 39.8 17 43.6 17 44.7 36 57.1 111 45.7  
>85th-95th percentile 
(overweight) 16 15.5 7 17.9 4 10.5 6 9.5 33 13.6 
 
> 95th percentile (obese) 36 35.0 13 33.3 17 44.7 17 27.0 83 34.2  
Missing/unknown 3 2.9 1 2.6 0 0.0 0 0.0 4 1.6  
            
Number of smokers(s)           <0.01 
†None 193 82.8 80 81.6 42 62.7 73 69.5 388 77.1  
1 Smoker 31 13.3 13 13.3 20 29.9 23 21.9 87 17.3  
> 1 Smoker 9 3.9 5 5.1 5 7.5 9 8.6 28 5.6  
            
Parent(s) with asthma           <0.01 
Neither 217 93.1 85 86.7 51 76.1 81 77.1 434 86.3  
Mother Only 11 4.7 7 7 10 14.9 15 14.3 43 8.5  
Father Only 4 1.7 6 6 4 6.0 5 4.8 19 3.8  
Both 1 0.4 0 0 2 3.0 4 3.8 7 1.4  
            
IgE Response to:           <0.01 
None/Not specified 233 100.0 1 1.0 66 98.5 1 1.0 301 59.8  
House Dust Mite (HDM) 0 0.0 46 46.9 0 0.0 48 45.7 94 18.7  
Cockroach (CR) 0 0.0 2 2.0 0 0.0 5 4.8 7 1.4  
Mouse 0 0.0 0 0.0 0 0.0 1 1.0 1 0.2  
Cat 0 0.0 2 2.0 0 0.0 6 5.7 8 1.6  
Other 0 0.0 35 35.7 1 1.5 23 21.9 59 11.7  
HDM+CR 0 0.0 3 3.1 0 0.0 5 4.8 8 1.6  
HDM+Mouse 0 0.0 1 1.0 0 0.0 0 0.0 1 0.2  
HDM+Cat 0 0.0 1 1.0 0 0.0 2 1.9 3 0.6  
HDM+CR+Mouse 0 0.0 4 4.1 0 0.0 2 1.9 6 1.2  
HDM+Mouse+Cat 0 0.0 0 0.0 0 0.0 1 1.0 1 0.2  
HDM+CR+Cat+Mouse 0 0.0 0 0.0 0 0.0 6 5.7 6 1.2  
            
            
            
            
  
No asthma or allergy 
symptoms Allergy Only Asthma only 
No asthma and allergy 
symptoms Total 
 
 N % N % N % N % N %  
            
CR+Cat 0 0.0 1 1.0 0 0.0 2 1.9 3 0.6  
Mouse+Cat 0 0.0 1 1.0 0 0.0 1 0.0 2 0.4  
            
* Row Percent; ** Column Percent          





Table 2.2 Characteristics of Residence by Asthma/Allergy Status
 No asthma or 
allergy symptoms Allergy Only Asthma only 
No asthma and 
allergy symptoms Total 
 
 N %** N %** N %** N %** N %** p-value†† 
Total Cohort* 233 46.3 98 19.5 67 13.3 105 20.9 503 100.0  
            
Age category/year built           0.12 
Prior to 1900 25 10.7 13 13.3 4 6.0 9 8.6 51 10.1  
1900-1949 79 33.9 45 45.9 26 38.8 30 28.6 180 35.8  
1950-1969 63 27.0 19 19.4 16 23.9 30 28.6 128 25.4  
1970 and after 24 10.3 10 10.2 8 11.9 21 20.0 63 12.5  
Unknown Year 42 18.0 11 11.2 13 19.4 15 14.3 81 16.1  
            
Gas stove in any residence           0.07 
Yes 221 94.8 86 87.8 61 91.0 94 89.5 462 91.8  
No  5 2.1 8 8.2 4 6.0 10 9.5 27 5.4  
Unknown/missing 7 3.0 4 4.1 2 3.0 1 1.0 14 2.8  
            
Gas stove in most recent residence           0.17 
Yes 217 93.1 85 86.7 59 88.1 93 88.6 454 90.3  
No  9 3.9 8 8.2 5 7.5 11 10.5 33 6.6  
Unknown/missing 7 3.0 5 5.1 3 4.5 1 1.0 16 3.2  
            
Interior NO2 quartile (ppb/hr)           0.20 
1st (640-3,437) 48 20.6 24 24.5 18 26.9 36 34.3 126 25.0  
2nd (3,438-4,945) 58 24.9 22 22.4 18 26.9 27 25.7 125 24.9  
3rd (4,946-7,036) 57 24.5 29 29.6 18 26.9 21 20.0 125 24.9  
4th (7,037-20,480) 70 30.0 23 23.5 13 19.4 21 20.0 127 25.2  
            
NO2 sampling season           0.03 
November-April (cooler) 84 36.1 26 26.5 20 29.9 20 19.0 150 29.8  
May-October (warmer) 50 21.5 25 25.5 13 19.4 21 20.0 109 21.7  
Measurement date unknown 99 42.5 47 48.0 34 50.7 64 61.0 244 48.5  
            
* Row Percent; ** Column Percent          
††p-values do not apply to “Total column”        








Table 2.3 Characteristics of Children and Residences by NO2 Quartile 
 
 NO2 Quartiles   
 1 2 3 4 Total P-value†† 
 N %** N %** N %** N %** N %**  
            
Total Cohort* 126 25.0 125 24.9 125 24.9 127 25.3 503 100.0  
            
Mean Age in Months (SD) 48.3 6.3 48.0 7.0 47.7 6.5 46.6 6.4 47.6 6.6 0.22 
            
Age Group           0.38 
< 48 months 57 45.2 59 47.2 64 51.2 73 57.5 253 50.3  
> 48 months 69 54.8 66 52.8 61 48.8 54 42.5 250 49.7  
            
Gender           0.21 
Female 62 49.2 74 59.2 58 46.4 66 52.0 260 51.7  
Male 64 50.8 51 40.8 67 53.6 61 48.0 243 48.3  
            
Ethnicity/National Origin           <0.01 
Dominican 30 23.8 42 33.6 44 35.2 55 43.3 171 34.0  
Mexican 31 24.6 21 16.8 28 22.4 34 26.8 114 22.7  
Puerto Rican 18 14.3 22 17.6 14 11.2 3 2.4 57 11.3  
Other/Mixed Hispanic 31 24.6 22 17.6 29 23.2 27 21.3 109 21.7  
Non-Hispanic Black 16 12.7 18 14.4 10 8.0 8 6.3 52 10.3  
            
Mother’s Education           <0.01 
< 8th Grade 25 19.8 25 20.0 30 24.0 52 40.9 132 26.2  
9th-11th Grade 31 24.6 36 28.8 32 25.6 19 15.0 118 23.5  
High School Diploma 36 28.6 34 27.2 40 32.0 30 23.6 140 27.8  
Beyond High School 34 27.0 30 24.0 23 18.4 26 20.5 113 22.5  
            
Father’s Education           0.79 
< 8th Grade 41 32.5 45 36.0 47 37.6 49 38.6 182 36.2  
9th-11th Grade 22 17.5 25 20.0 20 16.0 21 16.5 88 17.5  
High School Diploma 42 33.3 34 27.2 45 36.0 40 31.5 161 32.0  
Beyond High School 21 16.7 21 16.8 13 10.4 17 13.4 72 14.3  
            
BMI for Age, by Gender            
Girls           0.37 
< 5th percentile (underweight) 2 3.2 1 1.4 3 5.2 6 9.0 12 4.6  
5th-85th percentile (normal weight) 34 54.8 35 47.9 23 39.7 29 43.3 121 46.5  
> 85th percentile (overweight) 7 11.3 12 16.4 13 22.4 7 10.4 39 15.0  
68 
  NO2 Quartiles   
 1 2 3 4 Total P-value†† 
 N %** N %** N %** N %** N %**  
> 95th percentile (obese) 17 27.4 24 32.9 18 31.0 24 35.8 83 31.9  
Missing/Unknown 2 3.2 2 2.7 1 1.7 0 0.0 5 1.9  
            
BMI for Age, by Gender            
Boys           0.57 
< 5th percentile (underweight) 4 6.3 5 9.8 1 1.5 2 3.3 12 4.9  
5th-85th percentile (normal weight) 30 46.9 22 43.1 31 46.3 28 45.9 111 45.7  
> 85th percentile (overweight) 13 20.3 4 7.8 8 11.9 8 13.1 33 13.6  
> 95th percentile (obese) 16 25.0 19 37.3 26 38.8 22 36.1 83 34.2  
Missing/Unknown 1 1.6 1 2.0 1 1.5 1 1.6 4 1.6  
            
Number of smoker(s)           <0.01 
None 85 67.5 90 72.0 99 79.2 109 85.8 383 76.1  
1 Smoker 26 20.6 26 20.8 22 17.6 13 10.2 87 17.3  
>1 Smoker 11 8.7 9 7.2 4 3.2 4 3.1 28 5.6  
            
IgE Response to           0.58 
None/Not specified 67 53.2 76 60.8 76 60.8 83 65.4 302 60.0  
HDM 24 19.0 19 15.2 28 22.4 23 18.1 94 18.7  
CR 2 1.6 2 1.6 1 0.8 2 1.6 7 1.4  
Mouse 0 0.0 0 0.0 0 0.0 1 0.8 1 0.2  
Cat 4 3.2 3 2.4 1 0.8 0 0.0 8 1.6  
Other 18 14.3 16 12.8 11 8.8 13 10.2 58 11.5  
HDM+CR 1 0.8 2 1.6 2 1.6 3 2.4 8 1.6  
HDM+Mouse 0 0.0 0 0.0 0 0.0 1 0.8 1 0.2  
HDM+Cat 1 0.8 0 0.0 2 1.6 0 0.0 3 0.6  
HDM+CR+Mouse 1 0.8 3 2.4 2 1.6 0 0.0 6 1.2  
HDM+Mouse+Cat 1 0.8 0 0.0 0 0.0 0 0.0 1 0.2  
HDM+CR+Cat+Mouse 3 2.4 2 1.6 1 0.8 0 0.0 6 1.2  
CR+Cat 1 0.8 1 0.8 1 0.8 0 0.0 3 0.6  
Mouse+Cat 2 1.6 0 0.0 0 0.0 0 0.0 2 0.4  
            
Age category/year built           0.05 
Prior to 1900 14 11.1 10 8.0 14 11.2 13 10.2 51 10.1  
1900-1949 47 37.3 42 33.6 44 35.2 47 37.0 180 35.8  
1950-1969 31 24.6 30 24.0 23 18.4 44 34.6 128 25.4  
1970 and after 20 15.9 19 15.2 17 13.6 7 5.5 63 12.5  
Unknown Year 14 11.1 24 19.2 27 21.6 16 12.6 81 16.1  
            
Gas stove in any residence           0.02 
Yes 109 86.5 117 93.6 115 92.0 121 95.3 462 91.8  
No 10 84.1 8 6.4 8 6.4 1 0.8 27 5.4  
69 
  NO2 Quartiles   
 1 2 3 4 Total P-value†† 
 N %** N %** N %** N %** N %**  
Unknown/missing 6 4.8 0 0.0 2 1.6 5 3.9 14 2.8  
            
Gas stove in most recent residence           0.02 
Yes 106 84.1 114 91.2 114 91.2 120 94.5 454 90.3  
No 13 10.3 10 8.0 9 7.2 1 0.8 33 6.6  
Unknown/missing 6 4.8 1 0.8 2 1.6 6 4.7 16 3.2  
            
NO2 sampling season           <0.05 
November-April (Cooler) 44 34.9 26 20.8 28 22.4 52 40.9 150 29.8  
May-Octover (Warmer) 22 17.5 32 25.6 39 31.2 16 12.6 109 21.7  
Measurement dates unknown 60 47.6 67 53.6 58 46.4 59 46.5 244 48.5  
            
NO2 sampling period for individual residence was not entered in study database. These 
missing data comprise the category “Measurement dates unknown” for NO2 sampling 
season. 
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  Table 2.4 Severity of symptoms in Asthmatic Children, by NO2 Quartile and Allergy Status 
 
 NO2 Quartiles   
 1 2 3 4 Total P-value†† 
  N % N % N % N % N %  
A. Allergy            
N  36 100.0 27 100.0 21 100.0 21 100.0 105 100.0 0.04 
Emergency Room Visit Due to 
Respiratory Distress 
           
No  16 44.4 11 40.7 3 14.3 4 19.0 34 32.4  
Yes  20 55.6 16 59.3 18 85.7 17 81.0 71 67.7  
             
N  36 100.0 27 100.0 21 100.0 21 100.0 105 100.0 0.03 
Doctor’s Visit due to 
Respiratory Distress 
           
No  18 50.0 8 29.6 3 14.3 5 23.8 34 32.4  
Yes  18 50.0 19 70.4 18 85.7 16 76.2 71 67.6  
             
N  36 100.0 27 100.0 21 100.0 21 100.0 105 100.0 0.18 
Admission to Hospital due to 
Respiratory Distress 
           
No  21 69.4 19 70.4 9 42.9 13 61.9 66 62.9  
Yes  11 30.6 8 29.6 12 57.1 8 38.1 39 37.1  
             
B. No Allergy            
N  18 100.0 17 100.0 18 100.0 13 100.0 66 100.0 0.30 
Emergency Room Visit Due to 
Respiratory Distress 
           
No  4 22.2 5 29.4 7 38.9 7 53.8 23 34.8  
Yes  14 77.8 12 70.6 11 61.1 6 46.2 43 65.2  
             
N  18 100.0 17 100.0 18 100.0 13 100.0 66 100.0 0.72 
Doctor’s Visit due to 
Respiratory Distress 
           
No  5 27.8 7 41.2 6 33.3 6 46.2 24 36.4  
Yes  13 72.2 10 58.8 12 66.7 7 53.8 42 63.6  
             
N  18 100.0 17 100.0 18 100.0 13 100.0 66 100.0 0.21 
Admission to Hospital due to 
Respiratory Distress 
           
No  9 50.0 11 64.7 15 83.3 8 61.5 43 65.2  
Yes  9 50.0 6 35.3 3 16.7 5 38.5 23 34.8  
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  NO2 Quartiles   
 1 2 3 4 Total P-value†† 
  N % N % N % N % N %  
C. Total            
N  54 100.0 44 100.0 39 100.0 34 100.0 171 100.0 0.67 
Emergency Room Visit Due to 
Respiratory Distress 
           
No  20 37.0 16 36.4 10 25.6 11 32.4 57 33.3  
Yes  34 63.0 28 63.6 29 74.4 23 67.7 114 66.7  
             
N  54 100.0 44 100.0 39 100.0 34 100.0 171 100.0 0.27 
Doctor’s Visit due to 
Respiratory Distress 
           
No  23 42.6 15 34.1 9 23.1 11 32.4 58 33.9  
Yes  31 57.4 29 65.9 30 76.9 23 67.6 113 66.1  
             
N  54 100.0 44 100.0 39 100.0 34 100.0 171 100.0 0.91 
Admission to Hospital due to 
Respiratory Distress 
           
No             
Yes             
             
†† p-value do not apply to “Total” Column        



















  Table 2.5: Odds ratios for the association of NO2 source and concentration (and key risk factors) and Asthma 
Odds Ratio 95% Confidence Limits P-value 
 









Yes 1.92 (1.17-3.13)  
 










Yes 1.00 Referent  
 
NO2 Quartile (ppb/hr) 
   
1st (640-3,437) 1.00 Referent 0.77 
2nd (3,438-4,945) 0.80 (0.53-1.22) 0.31 
3rd (4,946-7,036) 0.95 (0.61-1.48) 0.82 
4th (7,037-20,480) 1.05 (0.61-1.59) 0.82 
 
Gender:   
 
<0.01 
Girl 1.00 Referent  
Boy 1.92 (1.27-2.90)  
 
Allergy Status 
   
<0.01 
No 1.00 Referent  
Yes 3.52 (2.31-5.37)  
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       Table 5, continued
 
 
Odds Ratio 95% Confidence Limits P-value 
  
 
       National Origin/Ethnicity 
       Mexican 1.00 Referent 
       Dominican 2.01 (1.18-3.72) 0.01 
       Puerto Rican 1.99 (0.94-4.21) 0.07 
       Other/Mixed Hispanic 1.74 (0.97-3.12) 0.06 
      Non-Hispanic Black 2.86 (1.37-5.97) <0.01 
 
 
      Parents' Asthma History 
      Neither 1.00 Referent 
      Mother Only 2.41 (1.20-4.85) 0.01 
      Father Only 0.94 (0.32-2.73) 0.91 
      Both 8.72 (0.89-85.09) 0.06 
 
 
     NO2 sampling season 
     November-April 1.00 Referent 
     May-October 1.02 (0.56-1.88) 0.95 
     Season data not provided† 1.42 (0.87-2.31) 0.17 
    †Unknown dates grouped 

























 Severity of Asthma Symptoms in Children, by NO2 Quartile and Allergy Status at Baseline 
  
 Figures 2.1a-1c - Figures consist of % of “Yes Responses” within Allergic vs. Non-Allergic Asthmatic Children for  three Asthma 






 Figure 2.1a.  Emergency Room Visits due to Respiratory Distress 
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 Figure 2.1b.  Doctor’s Visits due to Respiratory Distress 
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  Figure 2.1c.  Overnight Hospital Admissions due to Respiratory Distress 
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Chapter 3. Association of the Exposure to Residential levels of NO2 and 





Background: The current study is a 12-month follow-up to our analysis of the association 
between exposure to indoor NO2 and asthma and symptom severity among preschool children 
enrolled in NYC Head Start programs at baseline. 
 
Methods: Parents of children in New York City Head Start programs were asked to complete a 
questionnaire and to receive a home visit at baseline and one year later.   The baseline 
questionnaire covered demographics, health history, lifestyle, and home environments.  The 
follow-up questionnaire covered changes that might have occurred during the year between 
baseline and follow-up. The home visits included the placement of a NO2 monitoring device in 
the home for a week.  Children with and without asthma at baseline and follow-up were 
compared with respect to demographic factors and exposures.  Among children with asthma, 
those more and less exposed to NO2 were compared with respect to indicators of severity. 
Logistic regression was used to model the association between asthma and exposure to NO2 at 
baseline, controlling for gender, gas stove, NO2 sampling season, child’s allergy status 
(questionnaire-based), child’s asthma status at baseline, parents’ asthma history,  activities (in 
the 12 months prior to follow-up) to reduce exposures to allergens, NO2 and other potential risk 
factors for asthma and allergy symptoms. 
 
Results: Of the 238 children included in the follow-up analyses, 122 (51.3%) were non-
asthmatic at baseline and on follow-up, 34 (14.3%) were non-asthmatic at baseline but had 
asthma symptoms on follow-up, 65 (27.3%) had asthma at baseline but not on follow-up, and 
only 17 (7.1%) children had asthma at baseline and asthma symptoms on follow-up. The 
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follow-up analyses found no relationship between asthma symptoms and NO2 concentration or 
NO2 sources. A marginal association was observed between indoor NO2 exposure and severity 
of respiratory symptoms among children with both asthma and allergies on follow-up. Children 
with asthma were twice as likely as other children to live with a smoker (OR=2.21, 95% CI 
1.03-4.75). Yet, when a variable representing “activities performed to reduce or eliminate risk 
factors for asthma,” was included in the model, the relationship between smoking and asthma 
was not statistically significant. 
 
Conclusion: Unlike the most recent population-based studies which found an association 
between exposure to N02 and asthma persistence and/or asthma severity, our study did not 
observe an association between residential NO2 measured at baseline and risk of asthma 





The association between the adverse health effects and chronic exposure to low levels of indoor NO2  
has been the focus of many epidemiological studies in recent years. Exposure to indoor NO2 may 
increase the risk of acute and chronic respiratory conditions, reduce lung function and trigger and 
exacerbate asthma symptoms, especially in children.1, 2, 3, 4 Young children are more exposed to 
indoor than to outdoor air pollution because they spend most of their day at home.5 Children with 
asthma may be even more vulnerable to the adverse health consequences of exposure to indoor NO2 
and other indoor pollutants than children without asthma. 
 
Public health concerns about the adverse respiratory effects of indoor NO2 and other by- products of 
combustion from gas appliances in the home are not new; a 1992 meta-analysis by Hasselblad et al6 
formed the basis for the World Health Organization (WHO) outdoor NO2 guideline7 of 40µg/m3, 
which recently was also suggested for indoor exposures.8   A more recent, relevant, methodologically 
robust and informative publication by Lin et al9   is the only formal meta-analysis since Hasselblad et 
al6 that has quantified the association of childhood asthma and wheeze with indoor NO2 and its main 
residential source (gas cooking). Lin et al included in their analysis only epidemiological studies that 
had data on individual indoor gas appliances and indoor combustion sources, rather than aggregating 
the data on gas/combustion sources as one combined exposure. The researchers were therefore able 
to compute a summary risk measure specifically for the association between exposure to gas stoves 
and asthma status and wheeze.  The meta-analyses included 41 population-based studies that 
reported on the association between indoor NO2 (and gas cooking) and childhood asthma and 
wheeze. The included studies covered 35 years of research. The summary odds ratio from random 
effects meta-analysis for asthma and gas cooking exposure was 1.32 (95% CI 1.18-1.48), and for a 
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15-ppb increase in NO2 it was 1.09 (95% CI 0.91-1.31). Indoor NO2 was more clearly associated 
with current wheeze (defined as wheeze within the prior 12 months), the random effects OR=1.15; 
95% CI 1.06-1.25, than asthma. Although living in a home with a gas stove increased a child’s risk 
of having current and lifetime asthma, the analyses did not find an increased risk of asthma in 




We performed the follow-up analyses because we believed that it would be worthwhile to evaluate 
the longer-term effects of children’s exposure to indoor NO2 at baseline on asthma status and 
symptom severity over the 12 months since enrollment, while also looking at other known risk 
factors for asthma. We were interesting in investigating any temporal sequence of exposure at 








Our analysis is based on follow-up data from the study of Endotoxin, Obesity, and Asthma in the 
New York City Head Start Program funded in the summer of 2002. The main research objective of 
the original study was to identify modifiable risk factors associated with asthma and asthma 
persistence among New York City preschool children enrolled in the federally funded Head Start 
program and residing in neighborhoods known to have high pediatric asthma hospitalization rates. 
Details of the original study are provided in our baseline paper and two previous studies.10, 11 The 
primary research aim of the baseline study was to evaluate the association of NO2 exposure with 






In the current paper, we report on the associations of exposure to indoor NO2 levels (based on 
baseline NO2 measurements) with children’s asthma status and with symptom severity among 
asthmatics at 1-year follow-up. For the follow-up study, we categorized children by whether 
their asthma status had changed since baseline. Descriptive analyses were performed looking at 
key characteristics by “change in asthma status.” Children’s asthma status at baseline and at 
follow-up, were based on responses to the questionnaire. We analyzed indoor NO2 levels 
measurements at baseline in relation to asthma outcomes on follow-up.  We did not have 
enough data on NO2 levels at follow-up to analyze them in relation to asthma status on follow-
up. Unless the family had relocated since baseline and/or reported changes since baseline in the 
use of gas appliances or the number of smokers in the home, we assumed that baseline NO2 
levels in the participating children’s homes were reasonable proxies for current exposures. We 
looked at the number of children who moved since baseline and whether the move (for 







Preschool children enrolled in the New York City Head Start at initial study recruitment and 
participating in the 1-year follow-up were included in our analysis. A detailed description of the 
recruitment process for the source study is provided in the baseline paper as well as published 
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papers by Jacobson et al (2008)10 and Rotsides et al (2010).11   For their participation in the study, 
caregivers received monetary compensation. The Institutional Review Board (IRB) of the 






A follow-up questionnaire was designed to collect data on the child’s medical conditions and 
medications over the previous year, as well as personal and parental information that might have 
changed since study enrollment. The content matter of the baseline and follow-up questionnaires 
were very comparable, with the follow-up questionnaire including language to specify the 12- 
months since study baseline. The follow-up questionnaire also collected data on changes in the 
home environment (e.g., move to a new residence, renovations in current home, activities to reduce 
exposures), adult tobacco use, updates on parental education and employment status and the child’s 
access to healthcare. 
 
 
Health Outcomes and Exposures of Interest 
 
Health Outcomes Measures 
 
For our follow-up analysis, the health outcomes of interest included asthma status at the time of 
follow-up, respiratory symptoms, and allergy status, based on caregiver’s responses. The analysis 
also investigated the relationship between indoor NO2 exposure and respiratory symptom severity. 
Questions used for the determination of asthma status on follow-up were nearly identical to the 
baseline questionnaire, with the exception of incorporating wording such as “within the past year 
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since the baseline study, has your child experienced or visited”. 
 
 
Asthma status at follow-up was categorized as: 
a)  No asthma at baseline and no asthma on follow-up 
b)  No asthma at baseline but asthma on follow-up 
c)  Asthma at baseline but no asthma on follow-up 
d)  Asthma at baseline and follow-up 
 
1.   The criterion for asthma at follow-up was a “Yes” response to at least two of the 
following: 
a.   Currently in the care of a doctor for asthma, wheezing, cough, or other 
breathing problems 
b.   Any attacks of asthma, wheezing or difficulty breathing in the past year 
 
c.   Any response of >0 to questions involving frequency of attacks of asthma, 
wheezing or difficulty breathing in past year 
d.   Any response of >0 to questions involving frequency of urgent doctor visits 
due to respiratory symptoms, emergency department visits due to respiratory 




2.   The criteria for asthma at baseline were: 
 
a.  History of physician diagnosed asthma and any wheezing or difficulty in 
breathing within the 12 months prior to entering study 
b.   Wheezing or difficulty in breathing > 3 times in the 12 months prior to entering 
study 
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c.   Any urgent physician, emergency department or hospital visit because of 
wheezing or difficulty in breathing in the 12 months prior to entering study 
d.   The use of any asthma medication in the 12 months prior to entering study, 




Asthma on follow-up required a “Yes” (or frequency > 0) response to more than one question 
because certain questions, namely “has your children experienced any attacks of asthma/wheezing” 
and “is your child currently under a doctor’s care for asthma/wheezing” on their own were not 
considered decisive indicators of asthma status.  Among children who met the criteria for asthma on 
follow-up, we looked at the frequency of doctor visits, emergency room visits, and hospital 
admissions due to wheeze, difficulty breathing and other asthma symptoms. We also looked at those 
outcomes by allergy status. 
 
The associations of asthma status on follow-up with baseline indoor NO2 levels and characteristics 
of the child, parent and residence were evaluated by chi square tests and was then modeled by 
logistic regression. For the descriptive analyses, the four mutually exclusive asthma categories were 
used.  The logistic regression analyses used a dichotomous dependent variable – asthma presence or 





During the annual home visits, NO2 sampling was conducted in the child’s primary residence. A 
Palmes tube12 (a passive NO2 sampler consisting of a small cylindrical tube with a metal grid of 
stainless steel coated with tri-ethanol amine at the bottom of the tube) was attached to a wall of 
the room in which the child spent the most time based on the information provided by the 
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In addition to indoor NO2 levels, we also analyzed baseline data on residential sources of indoor 
NO2 exposure, including: (a) gas appliances (gas stoves, gas heaters, gas dryers) and (b) 
environmental tobacco smoke (smoker(s) living in the child’s home) to determine their association 
with asthma or asthma symptoms.  We looked at whether the child changed residences in the prior 
12 months and at the age of the new home because we thought newer homes might have newer 
appliances that would cause less exposure to NO2; we did not have data on whether the stove type 
changed from baseline.  Specific questions on the follow-up questionnaire focused on modification 
of exposure to risk factors, such as: removal of pets, reduced/eliminated smoking, changed floor 
covering(s), bedding, pillows, etc. We created a summary categorical variable for “reducing 






Children were grouped into four mutually exclusive asthma categories according to their baseline 
and follow-up status. The groups were then compared with respect to: age at follow-up, gender, 
ethnicity/national origin, and caregiver’s educational attainment on follow-up. We also characterized 
children by: allergy status since baseline, parents’ asthma status within the prior 12 months, NO2 
sampling season, and whether actions had been taken to reduce exposure to potential risk factors for 
asthma (e.g., removal of pets, eliminate smoking, cleaning). With respect to NO2 exposure, children 
were compared by: NO2 quartile, presence/absence of a smoker in the residence within the prior 12 
months, and presence/absence of a gas stove.  Because of the 47% loss to follow-up, which reduced 
the overall cohort from 503 to 238 children, we recalculated the quartile breakdown for the baseline 
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NO2 values. We looked at the NO2 quartile breakdown with the original categories, and could not 
attribute loss to follow-up to NO2 level. 
 
Among children who were categorized as having asthma on follow-up, we analyzed the association 
of  NO2 levels (dichotomized at the median based on 238 children at 1-year follow-up) with 
frequency of doctor visits, emergency room visits, and hospital admissions due to wheeze, difficulty 
breathing and other asthma symptoms. We stratified our analysis of severity of asthma by allergy 
status because in our baseline data we found a stronger association of severity with NO2 exposure 
among children with both allergy and asthma than among those with asthma alone. 
 
Logistic regression models were used to assess whether NO2 exposure and specific covariates were 
independent contributors to asthma status on follow-up. All analyses were conducted with IBM® 





Each child’s asthma status recorded on follow-up was compared to his/her status recorded at 
baseline, and grouped into the appropriate asthma category. Frequency distributions of gender, 
allergy status, residence characteristics, indoor NO2 concentration by quartile, presence/absence of a 
gas stove (NO2 source), presence of a smoker, changes made in home due to child’s 
asthma/allergy/breathing difficulties (such as stopped or reduced smoking), parents’ with asthma and 
parents’ highest completed level of education, by asthma status at follow-up were compared using 
chi squared tests of statistical significance (that is, unadjusted associations were examined using χ2 
analyses). Chi-squared tests of statistical significance were also conducted to evaluate the 
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relationships of respiratory symptom severity markers with NO2 exposure, stratified on allergy 
status, among asthmatic children. When data were too sparse for chi-squared testing (cell with <5 
observations), Fisher’s Exact Tests were used to evaluate the statistical significance of the 
differences in the distributions between the asthma comparison groups. The ANOVA F-test was 







We used logistic regression models to assess the magnitude and direction of the relationship 
between asthma status at the 1-year follow-up home visit and exposure to indoor NO2 (NO2 
measurements and NO2 sources in the child’s residence). Consistent with the baseline analyses, 
residential NO2 levels were grouped into quartiles, with the reference group being the lowest 
quartile, in the logistic regression models, and exposures to NO2 sources were represented by data 
on the presence or absence of smoker(s) in the household (proxy for NO2 exposure) and gas stove 
in any residence. The reference groups were “no smoker” and “presence of a gas stove,” 
respectively. We chose to use “presence of a gas stove” as the reference group because nearly 
90% of the cohort resided in a home with a gas stove. Some epidemiologists favor using the more 
common category as the referent; others favor using the less exposed category as the referent. 
Because so few children were in the less exposed group, we chose the former. 
Logistic regression models were used to evaluate the associations of exposure to indoor NO2 (levels 
and sources) with risk of childhood asthma and persistence of respiratory symptoms by looking at 
the main effects of indoor NO2 levels through: (a) measured indoor NO2 concentrations by parts per 
billion per hour (ppb/hr) categorized by quartile, (b) exposure to smokers in the home and, (c) 
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exposure to a gas stove. The main health outcome, asthma status on follow-up, was the dependent 
variable in the logistic regression model was based upon caregiver responses to questions about 
events (episodes of wheezing, difficulty breathing, coughing without cold, nocturnal respiratory 
symptoms) during the time interval between the baseline home visit and the follow-up home visit, 
one year later. The health outcome variable was treated as a dichotomous variable. 
 
The logistic regression models adjusted for potential confounders and were used to identify 
explanatory factors that might predict the risk of asthma. The covariates chosen for inclusion in the 
final multivariate logistic regression models were selected based on their statistical significance in 
the initial descriptive analyses (p<0.05) or direct relevance to the primary research goal. The 
variables included in the models were: child’s gender, child’s allergy status, child’s asthma status at 
baseline, child’s national origin/ethnicity, parents’ self-reported asthma status, smokers in 
residence, NO2 sampling season, NO2 concentration by quartile, gas stove in any primary residence 
of child, and any measures taken to reduce/prevent exposure to known risk factors such as pets, 





Of the 503 children who were included in the baseline analyses, 47.3% had data on asthma status on 
follow-up. A total of 238 children (111 male, 127 female) were grouped into the four mutually 
exclusive outcome categories: 122 (51.3%) did not have asthma at baseline or on follow-up, 34 
(14.3%) had asthma on follow-up but not at baseline, 65 (27.3%) had asthma at baseline but not on 
follow-up, and 17 (7.1%) had asthma at baseline and on follow-up (Table 3.1). The mean age at 1- 
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year follow-up was 59.5 months (6.95), and neither age nor gender was associated with asthma. 
The distribution of ethnicity/national origin among the 238 children remained the same as at 
baseline; no one group experienced disproportionate loss to follow-up. Asthma status remained 
associated with non-Mexican ethnicity/national origin, although 15/34 children (44.1%) with new- 
onset asthma were of Mexican background. Asthma was also associated with self-reported parental 
history of asthma and allergy in children, but nearly 80% of children with new-onset asthma had no 
such parental history of asthma. More parents of children with new-onset (35.3%) or persistent 
asthma (23.5%) than of other children reported making efforts to reduce risk factors or triggers for 
asthma exacerbations in the past 12 months. 
 
Our follow-up analysis looked at associations between asthma and building characteristics (year 
primary residence was built), residential exposures to NO2 sources (gas stoves, smokers), baseline 
NO2 levels and NO2 sampling season (Table 3.2). There was differential loss to follow-up across the 
NO2 quartiles, with greater loss in the second and fourth quartiles (p=0.01). Data on whether a child 
moved since baseline and the age of new building were used to assess whether gas stove status 
changed since baseline for those children who moved. We used this approach because data on stove 
type (and other appliances) were not collected with the follow-up questionnaire. We found that only 
15 (6.3%) children had relocated to a new home; 10 (4.2%) to a slighter newer home (only 5 to 
homes built 1970 or later), 3 (1.3%) to a slightly older home and 2 (0.8%) to a home of 
approximately the same age. We used the baseline data on stove type for the analyses because: very 
few residences changed during follow-up. Only five children moved to a newer home and there was 
no reason to believe that these homes did not have a gas stove because 92% of the baseline 
residences had gas stoves, and the newer homes at baseline were no less likely to have gas stoves 
than the older homes (data not shown). 
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Both our baseline and follow-up studies, living with a smoker was associated with asthma.  About a 
third of the children in the sample, but nearly half those with new-onset or persistent asthma, lived 
with a smoker.  However, although baseline analyses found an association between asthma/allergy 
status and exposure to a gas stove in any primary residence, our follow-up study did not. Consistent 
with baseline results, asthma status appeared to be associated with NO2 sampling season; the homes 
of children with new-onset or persistent asthma were more likely to have been sampled in the colder 
months than in the warmer months, but 45% of the children (compared to 48% of the baseline 
cohort) were missing data on season, and those children were more likely to have been categorized 
as asthmatic at baseline (62% of children with asthma at baseline did not have data on NO2 
sampling season) than other children. 
 
We evaluated the association of baseline NO2 quartile with risk factors for asthma on follow-up. 
The baseline data supported relationships of indoor NO2 exposure with ethnicity/national origin, 
mother’s education attainment and living with smoker(s); but the follow-up data did not. However, 
an association remained between NO2 sampling season and NO2 quartile (Table 3.3). 
 
Among the children with new-onset or persistent asthma, we assessed univariate associations of 
baseline NO2 levels and symptom severity over the past 12 months. Due to the sparse data for the 
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individual severity indices: (1) frequency of ER visits due to respiratory distress, (2) frequency of 
doctor visits due to respiratory distress and (3) frequency of overnight hospital stays due to 
respiratory distress, we combined the three severity indicators into one variable: “Any visit to ER or 
doctor or hospital admission due to respiratory distress” (yes/no). In our analyses of NO2 exposure, 
dichotomized at the median, and the original asthma severity categories of “None”,“1-3” and “>3” 
ER visits, doctor visits and hospital stays, several cells had <5 observations, and descriptive analyses 
did not reveal associations between NO2 level at baseline and asthma severity on follow- up, either 
overall or within strata of allergy status (Table 3.4). The only severity indicator that approached 




Logistic Regression Analysis: 
 
 
The two final logistic regression models included only variables found to be associated with asthma 
status on follow-up by descriptive analyses, or directly addressing the primary research aims. Both 
models included asthma status on follow-up as the dependent variable and the following as 
independent explanatory factors: gender, child’s allergy status on follow-up, child’s asthma status at 
baseline, exposure to smoker(s) in residence over past 12 months, gas stove across residence, NO2 
level at baseline (quartile), NO2 sampling season (at baseline), ethnicity/national origin and parents’ 
asthma history over past 12 months. An additional variable reflecting “activities to reduce exposure 




Consistent with our baseline study where we looked at indoor NO2 exposure and children’s asthma 
status at study enrollment, the logistic regression models used for the follow-up analyses did not 
reveal a statistically significant relationship between asthma status on follow-up and baseline indoor 
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NO2 levels or indoor NO2 source (i.e., gas stove). The first model supported an association between 
asthma status and child’s allergy status (OR = 10.21; 95% CI, 4.17-24.98), exposure to residential 
environmental tobacco smoke (OR = 2.25; 95% CI, 1.18-5.39) and mother experiencing asthma 
symptoms over the last 12 months (OR = 4.79; 95% CI, 1.39-16.93). Risk factors statistically 
associated with asthma status in the baseline analyses, namely male gender and non-Mexican 
ethnicity/national origin, were not associated with asthma status on follow-up. The child’s baseline 
asthma status was not associated with asthma on follow-up. This finding seems counter-intuitive 
and be partially explained by misclassification of asthma status since it was entirely based on 
questionnaire responses, not more objective data such as a physician’s diagnosis or spirometry 
results, or other clinical measurements. We tried to take that into account in our descriptive analyses 
(presented in Table 3.1) and by including baseline asthma status in the models. Furthermore, when 
baseline asthma was not controlled for (model not shown), mother’s asthma symptoms during the 




Reduction of exposures to risk factors for asthma, such as reducing/preventing smoking in the 
household, removal of pets, removing/replacing pillows, was more common in the residences of 
children without than with asthma (OR = 2.90; 95% CI, 1.09-7.72, Table 3.5). In the model that 
included the prevention/reduction variable, the associations of asthma with child allergy status and 
with smokers in the home were not statistically significant. However, the association of children’s 
asthma with mothers’ asthma symptoms during the previous 12 months marginally strengthened 







The primary research objective of this study and the baseline study was to examine the relationship 
between asthma and asthma severity and exposure to gas cooking and residential NO2. In both these 
studies, exposure to indoor NO2 was represented by the baseline measurement of NO2 and the NO2 
surrogate, gas stove. However, as with the results of our baseline study and the fact that few children 
moved during the follow-up period, our stratification of children by the presence or absence of a gas 
stove in the home did not change the association, or lack thereof, of NO2 with asthma; because the 
presence of gas stoves was not associated with NO2 level in the home, interpretation of the effects of 
exposure to gas stoves on risk of asthma and asthma severity was difficult to interpret. Our findings 
are consistent with the meta-analysis performed by Lin et al (2013)9 also suggesting that assessing 
exposure to gas stove on asthma status is difficult in samples where a high proportion of children 




We did not find an association between exposure to NO2 levels at baseline and asthma status or 
severity on follow-up. These results contradict the most recent studies of both NO2 levels and 
residential sources of NO2 and their effects on asthma symptoms in children. The summary risk 
estimates from the 2013 meta-analysis supported relationships between NO2 exposure and current 
wheeze and between gas cooking and current asthma. However, that meta-analysis also found 
inconsistencies. Children living in a home with gas cooking were found to have an increased risk of 
current asthma, lifetime asthma and overall asthma (42%, 24% and 32%, respectively) but not for 
wheeze; and NO2 was not associated with increased risk for asthma, but for every 15 ppb increase in 
indoor NO2 level, children had a 15% increased risk of wheezing. Thus, the relationship between 
asthma, individual asthma symptoms and NO2 exposure remains ambiguous. Moreover, the factors 
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underlying these inconsistent results may be relevant to our null findings regarding exposure to 
indoor NO2 level and risk of asthma at baseline or on follow-up. The null findings for our main 
research questions may be partially explained by the method used to categorize asthma status and 
thus how asthma and individual asthma symptoms were analyzed. These findings raise questions 
that should be the focus of future epidemiological studies.  What are the roles of co-pollutants and 
co-risk factors? Does NO2 work alone or in concert with other indoor pollutants? In the United 
States and other developed countries, the primary source of indoor NO2 is gas stoves, but gas ovens, 
gas heaters, environmental tobacco smoke and migration of outdoor, largely traffic-related NO2 
emissions are additional sources. The presence of a gas stove in the home is the standard proxy for 
indoor NO2 exposure. Yet, considering NO2 alone is overly simplistic, because gas stoves and other 
gas appliances produce other combustible indoor pollutants, namely CO, fine particulate matter 
(PM2.5), ultrafine particles (UFPs), polycyclic aromatic hydrocarbons and volatile organic 
compounds. At this point, we do not understand the possible synergistic effects of exposure to these 
pollutants. Important to furthering our knowledge of the role of exposure to indoor NO2 and asthma 
is determining whether NO2 acts as a surrogate for co-pollutants, such as PM2.5 and UFPs, which are 
also considered risk factors for asthma and other respiratory conditions.13 Similarly, how effective 
 
is its role as a proxy/surrogate for other indoor pollutants. Indoor air pollution studies are not as far 
along as outdoor air pollution studies in addressing the challenge of identifying the roles of specific 
pollutants in adverse health effects. A priority of future indoor pollution studies is to develop 
effective methods and technologies for measuring the constituents of the complex mixture of 
pollutants in indoor air. These methods and technologies can then be applied in personal monitoring 
of exposure to indoor pollutants in epidemiological studies that would help to determine with much 
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more accuracy the effects of individual indoor pollutants on asthma and other respiratory 
symptoms. This knowledge would help in the development of more effective public health and 




Regardless of our null findings, the majority of recent epidemiological studies suggest that 
exposures to indoor NO2 and gas cooking remain valid public health concerns as risk factors for 
asthma in preschool-aged children. One might ask whether the abundance of published research 
presenting positive results may stem from publication bias since negative findings are often difficult 
to publish. However, in the extensive literature reviewed, including articles directly on the research 
topic as well as articles related to indoor, outdoor pollutants and airborne allergen, few publications 
(early 1990s to 2014) did not find an association between indoor as well as outdoor NO2 and child 
asthma morbidity. Due to the increased concern regarding possible harmful respiratory effects of 
exposure to NO2, the safety guidelines regarding NO2 have become more stringent, and efforts to 
enhance and standardized methods for measuring indoor NO2 are gaining ground. These guidelines 
will ultimately provide more accurate quantitative risk estimates for NO2 exposure and role in 
triggering and/or exacerbating asthma in children. These advancements in measurement methods 




Despite our null finding, given that more than 88% of our cohort lived in a home with a gas stove, 
that gas stoves have long been established as a main source of indoor air pollution, in particular 
NO2, 14 and that young children spend long periods of time indoors,5 it is most important that more 
efforts be focused on developing effective control measures for gas cooking-related emissions 
(NO2, PM2.5, UFP, CO and other combustion by-products) and mandating their application in the 
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real world on a global level. Moreover, while our study results were inconsistent with a large body 
of published articles revealing an association between childhood asthma severity and exposure to 
indoor NO2 concentrations and/or indoor NO2 sources, there is definitely a need to better understand 
the effects of indoor air quality on asthma morbidity in inner-city preschool children. This gap of 
knowledge is further supported by the fact that, even among the articles that found positive 
associations, there were inconsistencies in the explanations of NO2’s role as compared to other by- 
products of combustion. 
99  
CHAPTER 3 REFERENCES: 
 
 
1 Belanger K, Triche EW. Indoor combustion and asthma. Immunol Allergy Clin North AM 2008; 28: 507-19. 
2 Belanger K, Gent JF, Triche EW, et al. Association of Indoor Nitrogen Dioxide Exposure with Respiratory Symptoms 
in Children with Asthma. Am J Respir Crit Care Med 2006; 173: 297-303. 
3 Hansel NN, Breysse PN, McCormack MC, et al. A longitudinal study of indoor nitrogen dioxide levels and respiratory 
symptoms in inner-city children with asthma. Environ Health Perspect 2008; 116(10): 1428-32. 
4 Nitschke M, Smith BJ, Pilotto LS, et al. Respiratory health effects of nitrogen dioxide exposure and current guidelines. 
Int’l J Environ Health Res 1999; 9:39-53. 
5 Klepeis NE, Nelson WC, Ott WR et al. The National Human Activity Pattern Survey (NHAPS): a resource for 
assessing exposure to environmental pollutants. J Expo Anal Environ Epidemiol 2001; 11:231-52. 
6 Hasselblad V, Eddy DM, Kotchar DJ. Synthesis of environmental evidence: nitrogen dioxide epidemiology studies. J 
Air Waste Manage Assoc 1992; 42:662-71. 
7 Graham JA. Nitrogen Oxides. 2nd edn. Geneva: World Health Organization, 1997. 
8 World Health Organization. Nitrogen Dioxide. WHO Guidelines for Indoor Air Quality. Selected Populations 2010. 
Geneva. WHO, 2010. 
9 Lin W, Brunekreef B, Gehring U. Meta-analysis of the effects of indoor nitrogen dioxide and gas cooking on asthma 
and wheeze in children. Int’l J Epi 2013; 42: 1724-1737. 
10 Jacobson JS, Mellins RB, Garfinkel R, et al. Asthma, body mass, gender, and Hispanic national origin among 517 
preschool children in New Your City. Allergy 2008; 63: 87-94. 
11 Rotsides DZ, Goldstein IF, Canfield SM, et al. Asthma, Allergy, and IgE levels in NYC head start children. Resp Med 
2010; 104: 345-355. 
12 Palmes ED, Gunnison AF, DiMattio J, et al. Personal sampler for nitrogen dioxide. Am Ind Hyg Associ J 1976; 
37(10): 570-577. 
13 Weichenthal S, Dufresne A, Infante-Rivard C. Indoor ultrafine particles and childhood asthma: exploring a potential 
public health concern. Indoor Air 2007; 17:81-91. 
14 Chauchan AJ. Gas cooking appliances and indoor pollution. Clin Exp Allergy 1999; 29:1009-13. 
  
CHAPTER 3 TABLES 
Table 3.1. Characteristics of children (demographic, environmental exposures) by asthma status at baseline and 1-year follow-up 
 
Asthma at baseline 






















Mean Age in Months (SD) 
 
 
Age Category on Follow-up Visit 
< 60 months 



















High school diploma 























































































































































































Table 3.1 Continued 
 
Asthma at baseline 

















High school diploma 
High school + 
 
 



























































































































































† Row percent used for Total Cohort. All other %s apply to column. 
 







Table 3.2 Characteristics of residence by asthma status at baseline and 1-year follow-up 
 
Asthma at baseline 

















Year home was built 
Prior to 1900 
1900-1949 
1950-1969 




















NO2 sampling season 
November - April 



































































































































































































† Row percent used for Total Cohort. All other percents apply to column. 
†† p-values do not apply to “Total” Column 
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1 2 3 4 Total 




Age Category on Follow-up Visit 
< 60 months 
















High school diploma 




High school diploma 
 

















































































































































































































1 2 3 4 Total P-value†† 
 N % N % N % N % N %  




Gas stove in any residence 
Yes 
No 
NO2 Sampling Season 
Cooler Months (November 
thru April) 










































































































































† Row percent used for Total Cohort. All other percents apply to column. 
†† p-values do not apply to “Total” Column 
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Table 3.4 Severity of Symptoms in Asthma Children, by NO2 low/high and Allergy Status 
 
 NO2 Levels (low/high)   
 Low NO2 (1st and 2nd Quartiles) High NO2 (3rd and 4th Quartiles) Total P-value†† 
 N % N % N %  
A. Allergy        
N 21 48.8 22 51.2 43 100.0 0.27 
Emergency Room Visit, Doctor Visit or 
Overnight Hospital Stay due to Respiratory 
Distress        
No 8 38.1 5 22.7 13 30.2  
Yes 13 61.9 17 77.3 30 69.8  
        
N 21 100.0* 22 100.0 43 100.0 0.87 
Emergency Room Visit due to Respiratory 
Symptoms        
None 12 57.1 11 50.0 23 53.5  
1-3 Visits 7 33.3 8 36.4 15 34.9  
> 3 Visits 2 9.5 3 13.6 5 11.6  
        
N 21 100.0 22 100.0 43 100.0 0.54 
Doctor Visit due to Respiratory Symptoms        
None 10 47.6 7 31.8 17 39.5  
1-3 Visits 8 38.1 10 45.5 18 41.9  
> 3 Visits 3 14.3 5 22.7 8 18.6  
        
N 21 100.0 22 100.0 43 100.0 0.16 
Overnight Hospital Stay due to Respiratory 
Symptoms        
None 21 100.0 20 90.9 41 95.3  
1-3 Visits 0 0.0 2 9.1 2 4.7  
> 3 Visits 0 0.0 0 0.0 0 0.0  
        
B. No Allergy        
        
N 1 12.5 7 87.5 8 100.0 0.17 
Emergency Room Visit, Doctor Visit or 
Overnight Hospital Stay due to Respiratory 
Distress 
       
No 1 100.0 2 28.6 3 37.6  
Yes 0 0.0 5 71.4 5 62.5  
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  NO2 Levels (low/high)   
 Low NO2 (1st and 2nd Quartiles) High NO2 (3rd and 4th Quartiles) Total P-value†† 
 N % N % N %  
        
N 1 100.0 7 100.0 8 100.0 0.17 
Emergency Room Visit due to Respiratory 
Distress 
  
     
None 1 100.0 2 28.6 3 37.5  
1-3 Visits 0 0.0 5 71.4 5 62.5  
> 3 Visits 0 0.0 0 0.0 0 0.0  
        
N  1 100.0 7 100.0 8 100.0 0.57 
Doctor Visit due to Respiratory Symptoms        
None 1 100.0 3 42.9 4 50.0  
1-3 Visits 0 0.0 2 28.6 2 25.0  
> 3 Visits 0 0.0 2 28.6 2 25.0  
        
N 1 100.0 7 100.0* 8 100.0 0.16 
Overnight Hospital Stay due to Respiratory 
Symptoms        
None 1 100.0 5 71.4 6 75.0  
1-3 Visits 0 0.0 2 28.6 2 25.0  
> 3 Visits 0 0.0 0 0.0 0 0.0  
        
C. Total        
N 22 43.1 29 56.9 51 100.0 0.20 
Emergency Room Visit, Doctor Visit or 
Overnight Hospital Stay due to Respiratory 
Distress        
No 9 40.9 7 24.1 16 31.4  
Yes 13 59.1 22 75.9 35 68.6  
        
N 22 100.0 29 100.0 51 100.0 0.59 
Emergency Room Visit Due to Respiratory 
Distress        
None 13 59.1 13 44.8 26 51.0  
1-3 Visits 7 31.8 13 44.8 20 39.2  
> 3 Visits 2 9.1 3 10.3 5 9.8  
        
N  22 100.0 29 100.0 51 100.0 0.47 
Doctor’s Visit due to Respiratory Symptoms        
None 11 50.0 10 34.5 21 41.2  
1-3 Visits 8 36.4 12 41.4 20 39.2  
> 3 Visits 3 13.6 7 24.1 10 19.6  
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  NO2 Levels (low/high)   
 Low NO2 (1st and 2nd Quartiles) High NO2 (3rd and 4th Quartiles) Total P-value†† 
 N % N % N %  
        
Table 3.4 continued        
N 22 100.0 29 100.0 51 100.0 0.07 
Admission to Hospital due to Respiratory 
Symptoms        
None 22 100.0 25 86.2 47 92.2  
1-3 Visits 0 0.0 4 13.8 4 7.8  
> 3 Visits 0 0.0 0 0.0 0 0.0  
        

























Figures 3.1a-1c (Figures consist of % of “Yes Responses” or “> 1 Visits” in Asthmatic Children for three Asthma Symptom 
Severity Indices. 
 
Severity of Asthma Symptoms in Children, by NO2 Quartile and Allergy Status at Baseline 
 
 
Figure 3.1a. Emergency Room Visits due to Respiratory Distress 
 
% of Asthmatic Children with ER visit(s) Attributed to Respiratory 

















































Figure 3.1b. Doctor’s Visits due to Respiratory Distress 
 
 
% of Asthmatic Children with Doctor's visit(s) Attributed to 














































Figure 3.1C All urgent care events (ER, Doctor and Hospital Adm.) due to Respiratory Distress 
 
 
% of Asthmatic Children with Urgent Care Event Attributed to 




















Quartiles 1&2 Quartiles 3&4 Total 110 
  
Table 3.5: Odds Ratios for the Associations of Asthma on follow-up with NO2 levels and other risk factors 
 
 
Model 1 Model 2 
Odds 95% confidence Odds 95% confidence 
  ratio  limits  ratio  limits   
 
 














 Boy 1.52 (0.71-3.23)  1.42 (0.66-3.07) 
Child has allergies       
 No 1.00 Referent  1.00 Referent 
 Yes 10.21 (4.17-24.98)  8.09 (3.23-20.29) 
Child had asthma at baseline 
No 1.00 Referent  1.00 Referent 
Yes 0.94 (0.38-2.16)  0.92 (0.38-2.23) 
Smoker in household       
No 1.00 Referent  1.00 Referent 
Yes 2.52 (1.18-5.39)  2.12 (0.96-4.68) 
Gas Stove in any household 
Yes 1.00 Referent  1.00 Referent 
No 1.01 (0.31-3.24)  1.06 (0.31-3.58) 
NO2 Quartile 
(ppb/hr) 
      
1st (640-3,437) 1.00 Referent  1.00 Referent 
2nd (3,438-4,945) 1.79 (0.85-3.75)  1.48 (0.68-3.21) 
3rd (4,946-7,036) 1.20 (0.56-2.55)  1.11 (0.52-2.40) 
4th (7,037-20,480) 0.60 (0.27-1.32)  0.58 (0.26-1.27) 
NO2 sampling Season       
November - April 1.00 Referent  1.00 Referent 
May - October 0.68 (0.23-2.05)  0.61 (0.20-1.88) 
Unknown 0.90 (0.40-2.05)  0.90 (0.39-2.06) 
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Table 3.5 continued   
Model 1 Model 2 
Odds 95% confidence Odds 95% confidence 
  ratio  limits  ratio  limits   
National Origin/Ethnicity 
Mexican 1.00 Referent 1.00 Referent 


























Parents with asthma in last 12 months 
Neither 1.00    Referent 1.00    Referent 
Mother Only 4.79 (1.36-16.93) 5.16 (1.44-18.55) 
Father Only 1.11  (0.23-5.39) 1.08  (0.22-5.33) 
Both 4.05 (0.25-66.53) 4.94 (0.27-89.70) 










Chapter 4. Conclusion: Association of Exposure to Residential Levels of NO2 
and Asthma among New York City Head Start Children 
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Exposure to nitrogen dioxide (NO2), a byproduct of combustion and a respiratory irritant, occurs 
both indoors and outdoors.  Indoors, where young children spend large amounts of time, gas 
cooking stoves are the primary sources of NO2. Approximately 39% of US households have gas 
stoves, and in those homes NO2 levels can be higher than levels outdoors, where vehicular traffic is 
the primary source. Over the past 20 years, a number of epidemiological studies have focused on 
indoor NO2 exposure and asthma in inner-city children. Leading researchers, in particular, Kathleen 
Belanger, Meyer Kattan, Nadia Hansel, and Molly Kile, and their colleagues1, 2, 3, 4, 5, 6 have 
contributed much to the current state of understanding of the association between childhood asthma 
and exposure to indoor NO2 and its sources. Several observational studies found that exposure to 
higher NO2 concentrations was associated with increased asthma symptoms and severity among 
young inner-city children.  In addition, measures to reduce NO2 levels indoors were found to be 
effective at reducing asthma morbidity among vulnerable, inner-city young children with asthma. 
Most recently, a 2014 study6 demonstrated that, among children with asthma in homes with gas 
stoves, point-of-use ventilation (stove vent hood) during meal preparation reduced asthma 
symptoms. Evidence from interventional studies6,7 suggests that improving the ventilation of gas 










Methodologically speaking, the odds ratio is the preferred measure of effect only in studies of rare 
diseases (those affecting less than 10% of the population or study sample. However, the prevalence 
of asthma in our study cohort was high. The primary reason why we used odds ratios instead of risk 
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ratios to measure the magnitudes of associations was that most published literature relevant to our 
research used odds ratios, and we wished to compare our findings to those of the other studies. 
 
To assess whether using the odds ratio as the estimate of effect accurately represented the 
associations we observed in our results, we conducted a sensitivity analysis using Cox proportional 
hazards models to generate a risk ratio for “time to event” of asthma given the exposures of interest, 
with 95% confidence intervals, in the follow-up analyses (Table 4.1). The covariates included in the 
models were identical to those of the logistic regression model, and their inclusion order was 
identical. We found that while the estimates for the odds ratios were slightly further from the null 










In the research for this dissertation, we sought to expand knowledge of the association of indoor 
NO2 and its sources with risk of asthma and asthma severity in preschool-aged, inner-city children. 
We thought our research worthwhile because the focus of most research on indoor NO2 and indoor 
irritants was on the respiratory health of children with asthma. Our study included preschool-aged 
children with and without asthma enrolled in the federally funded Head Start Program and living in 
New York City neighborhoods with high hospitalization rates for asthma. 
 
Our research included two comprehensive analyses, at study baseline and on 1-year follow-up to 
baseline. The primary research objective of both studies was to examine the relationship between 
116  
asthma and asthma severity and exposure to gas cooking and residential NO2. In both studies, 
exposure to indoor NO2 was represented by the baseline measurement of NO2 and the NO2 
surrogate, gas stove. In the final logistic regression models for the baseline and follow-up studies, 
we did not observe statistically significant odds ratios for an association between increasing indoor 
NO2 levels or gas stoves with asthma status. These results contradict the most recent studies of both 
NO2 levels and residential sources of NO2 and their effects on asthma symptoms in children. 
However, a direct comparison of our analyses and most of the published literature on the 
association between indoor NO2 exposure and asthma would be misleading because the published 
studies included only children with asthma, while our research included children with and without 
asthma. Some of the published studies looked at individual asthma symptoms (e.g., lifetime wheeze, 
current wheeze) whereas we looked at the effects of indoor NO2 levels and gas stoves on asthma 
represented by a composite variable. In addition, the measurements used for the main exposure 
differed across the various studies. We compared our results for asthma on follow-up and a) indoor 
NO2 and b) gas stoves, with the results from Lin’s meta-analyses for a) studies (n=15) assessing the 
association between asthma (current & lifetime) and b) studies (n=4) of indoor NO2 and asthma, 
and we found that our confidence intervals for each association included the adjusted summary odds 
atio estimated by the meta-analyses. However, the meta-analysis results for the 95% confidence 
intervals for NO2 included the null value.   When we analyzed exposure to indoor NO2 and asthma 
severity among children with asthma, our results were more consistent with the published literature. 
Unadjusted results from the baseline analyses suggested that indicators of asthma severity, such as 
visits to the emergency room and urgent visits to the doctor due to wheeze, were associated with 
NO2 exposure, but only among children with allergies and asthma.  The comparable follow-up 
results for the severity indices were weaker, based on the p-value, than the baseline results for the 
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same severity indices, probably because the sample size was smaller due to loss to follow-up. A 
large number of the categories had < 10 observations. The only severity index (within allergic 




Both the baseline and follow-up logistic regression analyses demonstrated relationships between 
asthma and the following factors (adjusted ORs provided – baseline; follow-up, respectively): 
child’s allergy status (OR=3.52; 95% CI, 2.31-5.37; OR=10.21; 95% CI, 4.17-24.98), exposure to 
residential environmental tobacco smoke (OR=1.92; 95% CI, 1.17-3.13; OR= 2.25; 95% CI, 1.18- 
5.39) and mother experiencing asthma symptoms during the 12 months prior to completing the 
questionnaires (OR= 2.41; 95% CI, 1.20-4.85; OR= 4.79; 95% CI, 1.39-16.93). Although our 
baseline and follow-up studies used the data from a larger study with a broader focus, and thus 
limited our approach to evaluating these relationships (e.g., effects of individual components of 
ETS on asthma), we believe that the data were robust enough to be considered relevant.  The 
context helps to explain why we didn’t observe a relationship between NO2 and asthma but did 
observe a relationship between smoking and asthma. The results above show that our findings are 
consistent with other studies where relationships were found between smoking and asthma, and 
between NO2 and asthma severity. While we did not find an association between baseline asthma 
status and status on follow-up, baseline asthma status was associated with mother’s asthma status, 
child’s allergy status and efforts to reduce exposures to risk factors on asthma status on follow-up. 
These results lend support to the notion that baseline asthma status, while not a confounder, is a 
pathway mediator between these covariates and a child’s subsequent asthma status. 
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Our data came from a federally funded study of Endotoxin, Obesity, and Asthma in New York City, 
which enrolled children from the NYC Head Start Program. Therefore, although our results may not 
be generalizable to all preschool children or to children of low-income families not enrolled in 
preschool, given the high prevalence of asthma that has been reported in Head Start populations, 
ranging from 13.9% to 35%, our study cohort is likely to be representative of the children in urban 
communities most burdened by asthma.  Another benefit of using this particular cohort for our 
study was that it has been well characterized by previous studies.  It was thought that permission to 
recruit within Head Start centers might overcome barriers associated with studying asthma in low- 
income urban preschool children and would entail only minimal bias. A study of non-inner-city 
Head Start children by McGill and colleagues8 noted that outside the Head Start population, low- 
income pre-school children are difficult to study because they are too young to attend school, which 
is a convenient setting for studies of asthma in older children, and because they often lack access to 
health care and are therefore absent from health care databases that might otherwise be used to 
identify high-risk children. An additional strength of our study was the method of selection used for 
participation in our study cohort. The selection factors for participation were independent of 
exposure status to NO2 or other potential risk factors for asthma and therefore, we reasoned that 
these factors did not influence our study results. Moreover, inclusion criteria were unrelated to the 
child’s asthma status, which was assessed after enrollment by the baseline questionnaire. It may be 
true that the neighborhoods from where the cohort was selected had higher levels of NO2 exposure 
than other areas in New York City, and thus the variation in exposure to NO2 was reduced. 
However, we did not have data on ambient levels of NO2 in the areas where the cohort was selected 
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and therefore could not control for the contributions of ambient pollutants.  The more important 
issue is that sources of exposure within the home (i.e., gas stoves) were present in approximately 
90% of households and that this is largely responsible for the low variation of indoor exposure to 
NO2. Our data show that homes without gas stoves have lower levels of NO2 than homes with gas 









A limitation related to our determination of asthma status was, that it was based on questionnaire 
data alone and not on clinical assessment or objective, quantitative criteria.  Confirmation of an 
asthma diagnosis is difficult in pre-school aged children because many children stop wheezing as 
they grow older, and few children can properly perform spirometric procedures consistently prior to 




Wheeze in children is a respiratory response to various triggers, such as viral respiratory infection, 
allergens or other irritants, and children can have symptoms between wheezing episodes. The age of 
onset and the recurrence of wheezing have been used as the basis for imprecise nomenclatures of 
these episodes, which result in many diagnostic labels with therapeutic consequences. Wheeze is a 
manifestation of asthma, and wheeze in young children may predict subsequent asthma. But 
whether or not it does so, wheeze is a debilitating condition for children and impacts their quality of 
life.  Therefore, clinicians and researchers have struggled to identify and diagnose wheeze events 
accurately. 
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Efforts are being made to identify phenotypes associated with different prognoses and risk factors. 
(Cano-Garcinuño, 2014).9 The identification of specific wheeze phenotypes would improve our 
understanding of the natural history of wheeze, help us identify predictors of asthma, support 
standardized diagnosis, facilitate comparisons of the methods and results of epidemiological 
research, and support the development and implementation of feasible public health strategies for 
reducing and preventing wheeze in early childhood. Cano-Garcinuño9 were the first to try to 
identify time patterns and phenotypes of doctor-diagnosed wheezing in the first 3 years of life, to 
describe changes in incidence rates of wheezing episodes in those phenotypes, and to analyze the 
phenotype relationship with active asthma at six years of age. Doctor-diagnosed wheezing events in 
the first 3 years and active asthma at six years were identified in a birth cohort of more than 3,700 
children. The researchers identified four distinct wheezing phenotypes during the first 36 months, 
using latent class analysis. The 4 phenotypes based on temporal patterns include: a never/infrequent 
phenotype (NIW), two early-onset phenotypes that differ in persistence of symptoms but not in the 
age of onset (“transient wheeze” –TW and “persistent wheeze” –PW), and a late-onset phenotype 
(“late wheeze” – LW) that develops around the fourth year and becomes the dominant phenotype. 
The risks of asthma later in childhood differed among the phenotypes; however the phenotypes 
themselves were not as helpful for predicting and diagnosing asthma later on in childhood. The 
work by Cano-Garcinuño et al. illustrated that understanding the causes underlying the different 
phenotypes, most particularly TW and PW, will help with the diagnosis of wheeze later in 
childhood, and suggested that other factors like atopic status and exposure to allergens early in life 
will impact the persistence and severity of wheeze later on. The clinical implications are that 
wheeze episodes early in life have very similar presentations, that it is difficult for clinicians to 
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provide a clear prognosis in children, and that late-onset wheeze often leads to persistent allergic 




In the absence of more objective diagnostic standards, the imprecise nomenclature used to identify 
wheezing episodes, our awareness of the difficulties that clinicians and researcher experience in 
accurately diagnosing asthma and wheeze, as well as the fact that most published studies have used 
questionnaire data alone to identify children with or at risk for asthma, we reasoned that our 










Method of Categorizing Asthma Status 
 
 
It is possible that our null findings for both the baseline and 1-year follow-up analyses can be 
partially explained by limitations in the definition of our main health outcomes – asthma and asthma 
severity – and the methodology used in the study to measure indoor NO2 levels. Most studies with 
positive findings looked at the association of indoor NO2 concentration (and established indoor NO2 
sources) and well-established respiratory symptoms of asthma, individually. Unlike these studies, 
our study categorized children as asthmatic or otherwise based on respiratory symptoms and asthma 
medication use.  By grouping together children who met any of four criteria indicative of asthma, 
we may have obscured an association with individual asthma symptoms or patterns (e.g., daytime 
wheezing, difficulty breathing). One such study was the 2013 cohort study by Belanger3 which 
found that every 5 ppb increase in NO2 exposure above a threshold of 6 ppb was associated with a 
122  
corresponding increase in risk of higher asthma severity score (odds ratio = 1.37; 95% CI, 1.01- 
 
1.89), wheeze (odds ratio = 1.49; 95% CI, 1.09-2.03), night symptoms (odds ratio = 1.52; 95% CI, 
 
1.16-2.00) and rescue medication use (odds ratio = 1.78; 95% CI, 1.33-2.38). The main caregivers 
in this study recorded symptoms and medication use on a daily basis for a year. At the end of each 
3-month monitoring period, an asthma severity score based on the Global Initiative for Asthma 
guidelines10 was constructed for that period, incorporating symptom severity and medication use. In 
addition to the asthma severity scores, data on frequency of wheeze, night symptoms and use of 
medication were assessed on their own. The obvious strengths of the Belanger study included the 
repeated measure design, the two-component structure of the severity score, and the fact that 
symptom severity was based on daily observations (duration 28 days) by the parent rather than a 
single questionnaire at baseline and follow-up. It is worth mentioning that Belanger and colleagues 
designed their study to focus on characterizing the relationship between measured indoor NO2 and 









In the United States, childhood asthma prevalence and morbidity have been observed to be higher 
among individuals of African descent than among those of European descent, among those of 
Puerto Rican origin than among those of Mexican origin, and among males than among females.11 
Research has also addressed genetic predisposition, maternal vs paternal history of asthma, and 
 
birth order as risk factors for childhood asthma. Epidemiological studies of parental links have been 
inconclusive; some have supported a maternal link, others a paternal link, and still others neither. 
Some studies have found that ethnicity is an independent risk factor for childhood asthma regardless 
123  
of socioeconomic status,11,12, 13, 14 but others have found strong associations with housing and other 
factors related to socioeconomic factors.  These conflicting results may mean that childhood asthma 
is driven by the interplay of multiple psychosocial, economic, genetic, and environmental factors. 
 
 
Valerio et al.11 examined intergenerational asthma in a cohort of more that 2,500 white and black 
children from the Panel Study of Income Dynamics (PSID), a 35-wave panel survey of 
approximately 8,000 U.S. families, as well as the Child Development Supplement (CDS) a 
longitudinal study of children within PSID families. Study measures included childhood asthma 
status based on a positive response from the caregiver to the CDS questionnaire, parents’ and 
grandparents’ asthma status, socioeconomic status (i.e., parents’ educational level, employment 
status, family income), smoking, asthma medications, allergies and anthropometric measurements. 
Key findings were that children whose parents reported asthma were nearly twice as likely as other 
children to receive a diagnosis of asthma (OR=1.96; 95% CI, 1.26-3.05), that having a grandparent 
with asthma was also a risk factor for childhood asthma, and that children who had a parent and a 
grandparent with asthma had 4-fold greater odds than other children of having asthma (OR=4.27; 
 
95% CI, 2.39-7.65), regardless of gender, ethnic background and birth order. Those associations 




Our study also found associations between a mothers’ history of asthma and children’s asthma 
 
status at baseline (OR=2.41; 95% CI, 1.20-4.85) and on follow-up (model 1 OR=4.79, 95% CI 1.36- 
 
16.93 and model 2 OR=5.16, 95% CI 1.44-18.55), although environmental risk factors such as ETS 
(included in the models) may have contributed to both. 
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Parents and children generally share household, social and community environments. Moreover, 
parents with asthma may more readily identify asthma symptoms in their children than parents 
without asthma. Therefore, the association may reflect better parental identification and/or 
healthcare seeking on behalf of the children, which may have confounded responses to questions 
used to categorize a child’s asthma status. 
 
Traditionally, childhood asthma epidemiology has focused on individual-level risk factors, family 
factors and household environmental factors. An area that has received less attention is the broader 
social context in which the individuals live. The etiology of health problems, particular a highly 
prevalent and chronic condition such as asthma, is increasingly recognized as linked to a complex 
interplay of influences operating at multiple levels, including individual, family or household, and 





Although Wright et al.15 discussed the need for a paradigm shift from single-level to multi-level risk 
factors, in the context of cancer, such a paradigm shift is also needed in the context of asthma; the 
question therefore is, what gets asthma.  Is it the cell, gene, organ, individual, household, sub- 
population, or community? The “object” is not exclusive but inclusive. A more nuanced approach 
that considers risk factors that covary with lower SES and minority group status, (e.g., differential 
environmental exposures, residential isolation, psychological stress, housing quality, and social 
capital) that possibly mediate the effects of living in low-SES neighborhoods, is becoming integral 
to research efforts to tease out relationships among risk factors for asthma and to attribute the 




























to Psychological Stress 





































Gas stoves are well-established sources of NO2 and other combustion by-products in residences, and 
their presence/absence has been used in epidemiological studies as a proxy for exposure to indoor 
NO2 and other combustion byproducts. Measurements of indoor concentrations of NO2 may be used 
in assessments of NO2’s individual contribution to asthma outcomes, but gas stoves provide 
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exposure to other indoor air pollutants as well. Hence an association between gas stoves and 
asthma, but not between NO2 concentration and asthma may mean that NO2 plays a less prominent 




An additional insight that data on gas stove use provide is that of behavioral activities to reduce 
exposure to harmful pollutants. Data on stove utilization practices and implementation and/or use of 
stove ventilation devices by household residents, provide valuable information on behaviors that 





For both the baseline and follow-up analyses, we used the presence/absence of a gas stove in the 
home as a potential source of NO2 exposure. Recent epidemiological studies that focused on the 
impact of indoor NO2 exposure on respiratory outcomes in children have used gas stoves as the 
main source of NO2 and other byproducts of combustion in the residence. We found that NO2 
concentrations were evenly distributed in the homes of children with and without asthma. Also, in 
both the baseline and follow-up cohort, more than 85% of children lived in a home with a gas stove. 
Assessing the association of exposure to gas stoves with asthma status was difficult because such a 
large proportion of children had that exposure.  Belanger3 found a wider range of NO2 exposures, 
probably because that study cohort included families in homes without gas stoves. Also, the NO2 
measurements were repeated three times for each monitoring period and included two samples per 
monitoring period. The number of NO2 observations (n=4,499) contributing to the analyses made 
for a robust analysis, and 65% (n=870) of the children had complete asthma symptom, medication 
 
use and concurrent NO2 data for all monitoring periods. 
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Although our results were inconsistent with recent epidemiological studies, they contributed to the 
evidence and supported Lin’s observation16 that the role of NO2 and gas stoves in childhood 
asthma is quite complex. Lin’s meta-analysis results left unclear the extent to which observed 
associations with gas cooking are attributable to NO2 alone or also to other pollutants associated 
with gas cooking. Gas cooking produces NO2 and other pollutants, such as ultrafine particles. Their 
findings of an association between gas cooking and asthma, in the absence of an association 
between measured NO2 and asthma, suggested that gas cooking is a marker of exposure to other 
pollutants produced by the burning of gas. Our unadjusted results were interesting in a similar way - 
an association between gas stoves and asthma status at baseline approached statistical significance 
(p=0.07), yet our results for the association between NO2 concentration and asthma status did not. 
This observation may also explain our findings, consistent across both the baseline and follow-up 
adjusted logistic regression analyses, of a strong association between smoking and asthma. 
Specifically, environmental tobacco smoke, of which NO2 is a constituent byproduct, is a surrogate 
for other combustion byproducts that may have a greater effect than NO2 on the respiratory health 
of children. Residual confounding by unmeasured factors associated with smoking (and in Lin’s 
 
study – gas cooking), might be another explanation for our finding of an association between 
asthma and exposure to smokers, but not NO2 levels and gas cooking. However, factors that do not 
precede NO2 exposure do not qualify as confounders. The various combustion byproducts, 
including NO2, but not measured in our study, could be mediators of the association of smoking 
with asthma, but it is less likely that they are mediators of the association of NO2 with asthma 
because they are not farther along the causal pathway. Combinations of the combustion byproducts 
may have greater effects than the individual byproducts. Research suggests that ultrafine particulate 
matter in ETS is a significant contributor to the respiratory effects of smoking. More research 
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remains to be done to tease out the possible independent effects and synergistic effects of these and 




Another possible explanation for our failure to find an association between indoor NO2 levels and 
asthma measured was our method of measuring NO2 by passive monitors, Palmes tubes. Unlike 
other studies, which used multiple and repeated measurements of longer duration, our study 
employed a single exposure measurement by Palmes tubes, which remained for a week in the room 
where the child spent most time. It is possible that this room, most often the child’s bedroom, may 
not have been the room with the highest concentration of NO2 (usually the kitchen) and that even 
brief amounts of time spent in the room with the highest NO2 concentration may have greater 
effects on children’s airways than time spent in the other rooms. However, we reasoned that the 
NO2 concentration in the room where the child spent the most time was the most relevant exposure. 
Furthermore, we speculated that, for example, parents of a child with a history of breathing 
problems or wheeze triggered in the kitchen might try to keep that child out of the kitchen when 
meals where being cooked.  A future direction of qualitative research might focus on the effects of 
behaviors, interventions, or other measures to reduce or eliminate exposure to NO2 and other 




Gas cooking is pervasive not only in the United States, but globally as well, and in the United 
 
States, especially in the northeast, children spend most of their time indoors.1,5,17, 18, 19 A recent large 
population-based study found that 60-70% of European children lived in homes with gas cooking.20 
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Our null findings do not close the door on this area of research; rather they raise questions that need 
to be addressed by future epidemiological studies. Specifically, more studies need to address the 
following: a) What are the roles of co-exposures and co-risk factors? b) Does NO2 work alone or in 
concert with other pollutants? and c) What are these synergistic mechanisms, and how do they 
affect respiratory health outcomes. Indoor air pollution studies are not as far along as outdoor air 
pollution studies in evaluating the individual roles of pollutants and their combined role in adverse 
respiratory health outcomes in children. A priority of future studies of indoor air pollution should be 
to develop effective methods and technologies for measuring the constituent components of the 
complex mixture of pollutants in indoor air. These advanced methods and technologies can then be 
applied in personal monitoring of exposures to indoor pollutants in epidemiological studies that 
would help to determine with much more accuracy the effects of individual indoor pollutants on 
asthma and other respiratory symptoms. In turn, the knowledge garnered from these 
epidemiological studies will support the development and implementation of more efficient, cost- 
effective and long-lasting interventions for reducing and ultimately preventing the adverse effects of 
indoor pollutants on young inner-city children susceptible to respiratory disorders. 
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Table 2.6 Baseline Logistic Regression Models – Results of Stepwise Approach (Models 1-3) 
 
Model 1 - Only   Model 2 - Only    Model 3 - Only  
variables of interest  95 % variables of interest   95 % variables of interest   95 % 
and significant Odds Confidence and significant  Odds Confidence and significant  Odds Confidence 
covariates 
Gender 
Ratio Interval covariates 
Gender: 
 Ratio Interval covariates 
Gender: 
 Ratio Interval 
Boy 1.92 (1.29-2.86) Boy  2.16 (1.24-3.75) Boy  1.94 (1.30-2.89) 
Girl 1.00 Referent Girl  1.00 Referent Girl  1.00 Referent 
 
Smoker in household Not included in model Smoker in household   Smoker in household  
Yes  Yes 1.76 1.10-2.81) Yes  1.75 (1.10-2.80) 
No No 1.00 Referent No 1.00 Referent 
 
Gas Stove in any 
household 
Gas Stove in any 
household Not included in Model 
Gas Stove in any 
household 
Yes 1.13   (0.55-2.35) Yes Yes 1.09  (0.53-2.26) 








Mexican 1.00 Referent Mexican 1.00 Referent Mexican 1.00 Referent 
Dominican 2.16  (1.24-3.73) Dominican 2.16  (1.24-3.75) Dominican 2.16  (1.24-3.75) 
Puerto Rican 3.37  (1.67-6.80) Puerto Rican 2.83  (1.39-5.78) Puerto Rican 2.86  (1.39-5.86) 
Other/mixed Hispanic 2.09  (1.20-3.65) Other/mixed Hispanic 2.01  (1.15-3.51) Other/mixed Hispanic 2.01  (1.15-3.52) 








1st (640-3,437) 1.00 Referent 1st (640-3,437) 1.00 Referent 1st (640-3,437) 1.00 Referent 




Table 2.6 continued 
 
 
  95%   95%   95% 
Odds Confidence  Odds Confidence  Odds Confidence 
Covariates (Model 1) Ratio Interval Covariates (Model 2) Ratio Interval Covariates (Model 3) Ratio Interval 
3rd (4,946-7,036) 0.70 (0.40-1.21) 3rd (4,946-7,036) 0.72 (0.42-1.26) 3rd (4,946-7,036) 0.72 (0.41-1.26) 




  Parents' Asthma 
History 
   Parents' Asthma 
History 
 
Neither 1.00 Referent Neither  1.00 Referent Neither  1.00 Referent 
Mother Only 2.59 (1.32-5.07) Mother Only  2.47 (1.25-4.87) Mother Only  2.48 (1.26-4.90) 
Father Only 1.29 (0.48-3.47) Father Only  1.19 (0.44-3.26) Father Only  1.20 (0.44-3.29) 










Table 2.7 Baseline Logistic Regression Models – Results of Stepwise Approach (Models 4-6) 
 
 
Model 4 - Only 
















Model 5 - Only 
















Model 6 - Only 
















Gender: Gender: Gender: 
    Boy 1.90 (1.26-2.87) Boy 1.92 (1.27-2.90) Boy 1.92 (1.27-2.91)  
 1.00 Referent Girl 1.00 Referent Girl 1.00 Referent 
 
Allergy Status Allergy Status Allergy Status 
    Yes 3.29 (2.18-4.97) Yes 3.40 (2.24-5.17) Yes 3.42 (2.25-5.19)    
 1.00 Referent No 1.00 Referent No 1.00 Referent 
 
   Smoker in 
   household Not included in model Smoker in household Smoker in household 
    Yes Yes 1.95 (1.19-3.18) Yes 1.94 (1.19-3.16)              
 No 1.00 Referent No 1.00 Referent 
 
 
Gas Stove in any household 
Gas Stove in any 
household Not included in Model Gas Stove in any household 
Yes 1.26 (0.60-2.69) Yes   Yes 1.19 (0.56-2.54) 




   NO2 Quartile 
(ppb/hr) 
   NO2 Quartile 
(ppb/hr) 
  
1st (640-3,437) 1.00 Referent 1st (640-3,437) 1.00 Referent 1st (640-3,437) 1.00 Referent 
2nd (3,438-4,945) 0.89 (0.50-1.58) 2nd (3,438-4,945) 0.92 (0.52-1.64) 2nd (3,438-4,945) 0.91 (0.51-1.62) 
3rd (4,946-7,036) 0.73 (0.41-1.28) 3rd (4,946-7,036) 0.77 (0.43-1.36) 3rd (4,946-7,036) 0.76 (0.43-1.35) 










































National Origin/Ethnicity National Origin/Ethnicity National Origin/Ethnicity 
Mexican 1.00 Referent Mexican  1.00 Referent Mexican 1.00 Referent 
Dominican 2.02 (1.14-3.56) Dominican  2.02 1.14-3.56) Dominican 2.01 (1.14-3.56) 
Puerto Rican 2.40 (1.15-5.00) Puerto Rican  1.93 0.912-4.06) Puerto Rican 1.96 (0.92-4.15) 
Other/mixed Hispanic 1.83 (1.03-3.27) Other/mixed Hispanic  1.72 (0.96-3.08) Other/mixed Hispanic 1.73 (0.96-3.10) 
Non-Hispanic Black 3.08 (1.49-6.34) Non-Hispanic Black  2.67 (1.31-5.46) Non-Hispanic Black 2.77 (1.33-5.76) 
 
 
Parents' Asthma History 
   
 
Parents' Asthma History 





Neither 1.00 Referent Neither 1.00 Referent Neither 1.00 Referent 
Mother Only 2.56 (1.28-5.15) Mother Only 2.39 (1.19-4.81) Mother Only 2.42 (1.20-4.88) 
Father Only 1.07 (0.38-3.03) Father Only 0.98 (0.34-2.81) Father Only 0.99 (0.35-2.85) 
Both 7.02 (0.76-65.00) Both 8.21 (0.85-79.71) Both 8.02 (0.83-77.74) 
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 Boy 1.24 (0.69-2.23) 1.42 (0.66-3.07) 
Child has allergies      
 No 1.00 Referent 1.00 Referent 
 Yes 4.95 (2.21-11.05) 8.09 (3.23-20.29) 
Child had asthma at baseline 
No 1.00 Referent 1.00 Referent 
Yes 0.94 (0.46-1.89) 0.92 (0.38-2.23) 
Smoker in household 
No 1.00 Referent 1.00 Referent 
Yes 1.55 (0.84-2.83) 2.12 (0.96-4.68) 
Gas Stove in any household 
Yes 1.00 Referent 1.00 Referent 
No 1.03 (0.38-2.77) 1.06 (0.31-3.58) 
 
NO2 Quartile (ppb/hr) 
1st (640-3,437) 1.00 Referent 1.00 Referent 
2nd (3,438-4,945) 0.76 (0.30-1.89) 1.48 (0.68-3.21) 
3rd (4,946-7,036) 1.38 (0.60-3.21) 1.11 (0.52-2.40) 
4th (7,037-20,480) 1.19 (0.51-2.80) 0.58 (0.26-1.27) 
 



















Unknown 0.96 (0.51-1.79) 0.90 (0.39-2.06) 
 
 
 Table 4.1 Comparison of the Relative Risk (Cox Proportional Hazard Ratio) versus Odds Ratio for Follow-up Regression Model 
 
Model 2 Model 2 
Risk 
Ratio 95% confidence limits 
Odds 





















































Mexican 1.00   Referent 1.00  Referent 
Dominican 1.23 (0.56-2.72) 1.41 (0.50-3.93) 
Puerto Rican 1.23 (0.42-3.57) 1.35 (0.35-5.22) 
Other/mixed 
Hispanic 0.89 (0.40-1.95) 0.94 (0.35-2.55) 
Non-Hispanic Black 0.85 (0.26-2.88) 1.00 (0.21-4.86) 
                 Parents with asthma in last 12 months  
Neither 1.00 Referent 1.00 Referent 
Mother Only 2.47 (1.07-5.72) 5.16 (1.44-18.55) 
Father Only 1.09 (0.32-3.72) 1.08 (0.22-5.33) 
Both 1.06 (0.17-6.62) 4.94 (0.27-89.70) 
                   Preventive measures taken in last 12 months  
Yes 1.00 Reference 1.00 Referent 
No 1.78 (0.90-3.50) 2.90 (1.09-7.72) 
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